“Calhoun 


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


2001-12 


Design of a ship service converter module for 
a reduced-scale prototype integrated power system 


Stallings, Brad L. 


Monterey, California. Naval Postgraduate School 
http://hdl.handle.net/10945/2618 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


\§ D U DL EY research materials and institutional publications created by the NPS community. 
«iit Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NNN KNOX appointed -- and published -- scholarly author. 


LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 


http://www.nps.edu/library Monterey, California USA 93943 


NAVAL POSTGRADUATE SCHOOL 
Monterey, California 





THESIS 


DESIGN OF A SHIP SERVICE 
CONVERTER MODULE FOR A 
REDUCED-SCALE PROTOTYPE 
INTEGRATED POWER SYSTEM 


by 


Brad L. Stallings 


December 2001 


Thesis Advisor: John G. Ciezki 
Co-Advisor: Robert W. Ashton 
Approved for public release; distribution is unlimited. 





REPORT DOCUMENTATION PAGE ested 
OMB No. 0704- 
Public reporting burden for this collection of information is estimated to average | hour per response, including the time for reviewing instruction, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this 


collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 
Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188) Washington DC 


1. AGENCY USE ONLY (Leave blank) |2. REPORT DATE 3. REPORT TYPE AND DATES COVERED 
December 2001 Master’s Thesis 


TITLE AND SUBTITLE 5. FUNDING NUMBERS 
Design Of A Ship Service Converter Module For A Reduced-Scale 
Prototype Integrated Power System 


AUTHOR(S) 
Brad L. Stallings 


PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) . PERFORMING ORGANIZATION 
Naval Postgraduate School REPORT NUMBER 
Monterey, CA 93943-5000 


SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) - SPONSORING / MONITORING 
AGENCY REPORT NUMBER 


. SUPPLEMENTARY NOTES 
The views expressed in this thesis are those of the author and do not reflect the official policy or position of the 
Department of Defense or the U.S. Government. 


. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE 
Approved for public release; distribution is unlimited. 


13. ABSTRACT (maximum 200 words) 

A DC Zonal Electrical Distribution System (DC ZEDS) is a strong candidate for the next 
generation surface combatant, DD-21. In order to equip DD-21 with DC ZEDS, preparative research 
includes the design of a low-power prototype Integrated Power System (IPS). This thesis examines the 
design and layout of one element of the IPS, a 500V/400V, 8kW, 20kHz dc-dc converter. The main 
thrust of the study is the documentation of product construction, design, and ancillary issues. Since the 
converter will be integrated into a testbed, it must be rugged, transportable, flexible, and provide 
convenient interconnection and monitoring. MATLAB and dSPACE models and circuit prototypes are 
implemented to validate subsystem designs and operation. Unit validation studies are conducted to 
assess performance of the power-section, controls, protection, and interfaces. 


. SUBJECT TERMS 15. NUMBER OF PAGES 
DC-DC Converter, Integrated Power System, DC Zonal Electrical 


. SECURITY CLASSIFICATION |18. SECURITY CLASSIFICATION |19. SECURITY CLASSIFICATION |20. LIMITATION OF 
OF REPORT OF THIS PAGE OF ABSTRACT ABSTRACT 


Unclassified Unclassified Unclassified UL 





NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. 239-18, 298-102 


THIS PAGE INTENTIONALLY LEFT BLANK 


Approved for public release; distribution is unlimited. 
DESIGN OF A SHIP SERVICE CONVERTER MODULE FOR A 
REDUCED-SCALE PROTOTYPE INTEGRATED POWER 
SYSTEM 
Brad L. Stallings 


Lieutenant, United States Navy 
B.T., University of North Florida, 1995 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN ELECTRICAL ENGINEERING 
from the 


NAVAL POSTGRADUATE SCHOOL 
December 2001 


Author: 
Brad L. Stallings 


Approved by: 


John G. Ciezki, Thesis Advisor 


Robert W. Ashton, Co-Advisor 


Jeffrey B. Knorr, Chairman 
Department of Electrical and Computer Engineering 


lil 


THIS PAGE INTENTIONALLY LEFT BLANK 


ABSTRACT 


A DC Zonal Electrical Distribution System (DC ZEDS) is a strong candidate for 
the next generation surface combatant, DD-21. In order to equip DD-21 with DC ZEDS, 
preparative research includes the design of a low-power prototype Integrated Power 
System (IPS). This thesis examines the design and layout of one element of the IPS, a 
500V/400V, 8kW, 20kHz dc-dc converter. The main thrust of the study is the 
documentation of product construction, design, and ancillary issues. Since the converter 
will be integrated into a testbed, it must be rugged, transportable, flexible, and provide 
convenient interconnection and monitoring. MATLAB and dSPACE models and circuit 
prototypes are implemented to validate subsystem designs and operation. Unit validation 
studies are conducted to assess performance of the power-section, controls, protection, 


and interfaces. 
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EXECUTIVE SUMMARY 


A 500V/400V, 8kW, 20kHz dc-dc converter has been developed in order to 
support ongoing research in Integrated Power Systems (IPS) and DC Zonal Electrical 
Distribution Systems (DC ZEDS). The Energy Sources Analysis Consortium (ESAC), 
consisting of researchers at the Naval Postgraduate School-Monterey, Purdue University, 
the University of Missouri at Rolla, the University of Wisconsin-Milwaukee, and the U.S. 
Naval Academy, have teamed to develop new technologies and use Commercial-Off-The 
Shelf (COTS) Technologies to support the development of prototype reduced-scale 
electric power distribution and propulsion systems for the next generation surface 
combatant, DD-21. The purpose of this thesis is to document the design and fabrication 


of one such prototype component: the Ship Service Converter Module (SSCM). 


The SSCM consists of the following sub-sections/stages: input filter section, 
power section, IGBT driver board, main control stage (consisting of protection, start-up, 
buffering, Pulse-Width Modulation (PWM), and control circuitry), cooling and 
temperature control stage, power supply stage, and finally a user interface front panel. 
The main control stage contains a user select switch that provides the user with the 
following three options: (1) multi-loop control (the internal controller and PWM 
circuitry are utilized) where an external potentiometer allows the user to program the 
desired output voltage, (2) internal controller bypass (user inputs desired duty cycle and 
utilizes the internal PWM circuitry), and (3) internal controller and PWM circuitry 


bypass (user supplies external signal to gate the IGBT). 


Design initiated with the selection of components for the SSCM that would meet 
or exceed the parameters specified by ESAC (Pou = 8kW, switching frequency = 20kHz, 
Vin = 500V/16A, Rioag = 20Q-200Q, and Vou = 400V/20A at duty cycle 0.8). In addition 
to component selection, the electrical cabinet that houses the SSCM electronics was 
manufactured to be rugged, transportable, and provide accessible interconnections for 
both testing and monitoring. LED indicators were placed on the front panel to warn the 


user of an SSCM fault condition (i.e. over-current time out, 21.82A, and over 
Xi 


temperature, 70°C). Once the fault is cleared, reset pushbuttons on the front panel 


accommodate re-initiating operation. 


The design equations for the dc-dc (buck) converter are well understood and were 
referenced to establish initial component design values. In order to ensure that the power 
section inductor maintains continuous current flow throughout the admissible load range, 
changes in permeability must be considered during design. For example, inductor 
permeability was found to change as much as 50% between full load (20Q) and minimum 
load (2002). Applying the design equations, input filter and power section inductances 
are determined to be 0.4mH (0.357mH measured) and 1mH (0.99mH measured), 
respectively. Another example of component selection is circuit capacitance. 
Preliminary power section capacitance was determined by using the steady-state ripple 
constraint (12.5uF) and then was refined by using SIMULINK and MATLAB. Through 
simulation, it was determined that the circuit capacitance required to achieve a fast 
transient response (bandwidth of ~500Hz), while not introducing duty cycle chattering, 
was 500uUF. The input filter was designed to pass 360Hz and block 20kHz (switching 
frequency). The implemented filter achieved a 3dB frequency of 450Hz. 


The dc-dc converter must provide stable and dependable voltage regulation. To 
achieve the aforementioned, a control circuit was designed. This project utilized a multi- 
loop closed-loop control, which makes use of the measured output voltage, output 
current, and inductor current to regulate the output voltage. Voltage (Vou) and current (ip 
and iout) Sensing circuits were designed to provide input to the control circuitry. To verify 
stability (gain margin and phase margin), MATLAB code was written and Bode plots 
were generated. Further, the control circuit was placed on a breadboard and interfaced 
with dSPACE (hardware-in-the-loop) to prove stable operations were maintained 
throughout the entire load range. The duty cycle derived from the control circuitry is fed 
into the Pulse-Width Modulation (PWM) chip where the desired 20kHz switching 
frequency (20.4kHz measured) signal is produced to gate the IGBT. 


Xil 


This project also focused on the development of detailed schematic layouts and 
component part lists to assist in the fabrication of additional units at a later date by other 
ESAC contributors. PSPICE, SIMULINK, and Easytrax version 2.06 software packages 
were used to generate all schematics within this thesis. Component lead-time was a 
major factor during construction where parts can have up to a six-month delay time. 
Each sub-circuit (i.e. control, PWM, protection circuitry) is well documented and can be 
easily reproduced. Furthermore, the SSCM was designed with a user select switch thus 
providing the user with the option of internal or external control. The SSCM is designed 
to provide fault detection. Over-current time-out is provided should the inductor current 
increase beyond 21.82A while SSCM over-temperature is provided at 70°C. Front panel 
BNC connections are provided to monitor input and output current, input and output 
voltage, and duty cycle. Digital pictures were taken during the construction phase to 


further assist ESAC Universities in SSCM fabrication. 


Detailed testing of the SSCM was performed in the lab and through simulation 
(SIMULINK and MATLAB). The SSCM was tested throughout the entire load range 
specified by ESAC and efficiency testing was performed on the unit. A detailed 
SIMULINK model was constructed to simulate the transient response of the dc-dc 
converter and control algorithm. Laboratory testing revealed that SSCM operation was in 
agreement with simulated results. The SSCM operated at 98.7% efficiency at full load 


and 96.1% at minimum load. 


This research documented the design and construction of an 8kW dc-dc converter. 
The converter will be placed into a larger testbed for a small-scale Integrated Power 
System (IPS) to be assembled by ESAC. This SSCM will be transported to Missouri in 
order to support the fabrication of additional units. With IPS selected for DD-21, it is 
vital for research to continue in this area. Possible areas for future research include: soft 
switching units to increase efficiency, enhanced electrical shielding to prevent switching 
noise interference, fabrication of several SSCMs at various frequencies and power levels 


to compare efficiencies, and detailed use of SPACE as a design tool. DC-DC converters 


Xili 


are an integral part of any DC distribution system and the Navy must continue with 


research in this area to ensure successful and reliable systems are delivered to the fleet. 
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I. INTRODUCTION 


A. POWER DISTRIBUTION FOR NEXT GENERATION COMBATANT 


In recent years with the collapse of the Soviet Union, Department of Defense 
expenditures have been scaled back. It has never been more important to develop 
systems that are cost effective, operationally flexible, and require fewer personnel. At the 
present, ac power distribution systems are the norm on U.S. Navy ships and many 
submarines; however, with the advent of new power electronic devices, research is 
focusing on dc power distribution. The U.S. Navy is actively investigating the 
implementation of a DC Zonal Electric Distribution System (DC ZEDS), versus a 
conventional ac radial or ac zonal distribution system, as a component of an Integrated 
Power System (IPS). AC zonal and DC zonal both have their advantages and 
disadvantages; however, it will be shown that survivability arguments strongly support de 
distribution for the next generation warship. 

Researchers at the U.S. Naval Postgraduate School-Monterey, Purdue University, 
the University of Missouri at Rolla, the University of Wisconsin-Milwaukee, and the U.S. 
Naval Academy have teamed to develop new technologies and use commercial-off-the 
shelf technologies (COTS) to support the development of prototype reduced-scale electric 
power distribution and propulsion systems for the next generation warship and submarine 
[1], [12]. The goal of this thesis is to document the design and fabrication of one such 


prototype component: the Ship Service Converter Module (SSCM). 


B. ZONAL VERSUS RADIAL DISTRIBUTION 


Many of today's naval combatants employ radial distribution. In this 
arrangement, typically three or four prime movers (gas turbine, steam turbine or diesel 
engine) drive generators that are connected to various switchboards co-located in the 
main machinery space. From the switchboards, 450V, 60Hz, three-phase ac is distributed 


to a number of load centers. The load centers in turn provide power to vital and nonvital 


loads comprising ship service. Throughout the ship, transformers step 450V down to 
115V for subsequent use at various ship service outlets. Obvious disadvantages of the 
radial distribution architecture include: 

e suboptimal cable runs to supply alternate power to vital loads, 


e weight addition from cable runs, switch gear, and transformers, 


@ amultitude of bulkhead penetrations implying that watertight integrity and 

survivability are jeopardized. 

Zonal distribution employs a port and starboard main bus, and sections the ship 
into several electrical zones that are designed within watertight bulkheads. This design 
has the architectural advantage of accommodating cable installation in zones as the ship 
is constructed as illustrated in Figure (1-1) [2]. One of the main busses is located above 
the waterline, while the other main bus is below the waterline. This placement strategy 
maximizes the physical distance between busses and ensures maximum survivability 


during battle damage or collision [1]. 
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Figure 1-1, Modular Construction (From Ref. [2]). 








In DC ZEDS, the port and starboard busses connect into a zone via load centers 
(dc-dc converters). The main bus dc voltage is stepped down within the zone and 
subsequently converted to three-phase ac or a lower level dc by additional converters 
within each zone. Vital loads, such as combat systems and navigation, are connected to 
both port and starboard load centers via an automatic bus transfer system (ABT). In one 
approach, if one bus were to fail, the remaining bus will supply continuous power to the 
load via an auctioneering process termed diode steering. Several advantages of ZEDS 
include: 

e weight savings from reduced cabling as listed in Table (1-1) and Reference 

[1], 
e no radically new converter architectures are required (though converter power 
density and reliability remain research issues), 

e improved producibilty, 

e reduced fire loading, 

e only the main bus passes through watertight boundaries, 

e modular ship fabrication, 

e¢ convenient installation and testing of electrical cable as zones are built. 

Figure (1-2) illustrates the comparison between radial and zonal distribution [2] and 

Table (1-1) lists estimated weight savings [3,4]. With the removal of weight as indicated 
in Table (1-1), additional fuel, weapon, and cargo space will be available and further 
freedom in the design stage is achieved. Furthermore, in dc distribution, generator 
frequency is decoupled from the distribution requirements. This advantage will allow the 
prime mover/generator to be operated at its most efficient speed, resulting in fuel savings 


and lowering operational cost [4]. 
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Figure 1-2, Radial vs. Zonal Distribution (From Ref. [2]). 


Apparatus Removal Install Net Change 
(LT) (LT) (LT) 


Power Cables 116.7 79.8 
Switchgear 20.0 





Table 1-1. Zonal vs Conventional Architecture Weight Comparison (From Ref. [3]). 


C. MAJOR COMPONENTS OF DC ZEDS 


The major components involved in the DC ZEDS are outlined in Reference [1] and 


illustrated in Figure (1-3). Further component investigation is presented in later chapters. 




























































































Figure 1-3, Portion of a Representative DC Zonal Architecture and IPS 
(From Ref. [2]). 


From Figure (1-3), a prime mover powers an ac generator. The generator output is 
immediately rectified by Power Conversion Module four (PCM-4), one located on each 
bus, and routed to the port and starboard busses. Many options exist for this type of 
generator and several are listed in Reference [1]. 

From the port and starboard bus, high-voltage dc is routed through a Ship Service 
Converter Module (SSCM) labeled PCM-1 in Figure (1-3). Illustrated in Figure (1-4), is 
an SSCM in the form of a hard-switched dc-dc buck chopper that steps down the dc bus 
voltage and offers input buffering between the main bus and the loads within a zone. 
SSCMs must be capable of parallel operation, which will provide redundancy and satisfy 
anticipated zonal power requirements. PCM-1 may also supply additional dc-dc 
converters to achieve dc voltage levels appropriate for loads such as combat systems. 


The SSCM is the major component investigated in this thesis. 





Figure 1-4, DC-DC Buck Chopper (From Ref. [1]). 


The Ship Service Inverter Module (SSIM), labeled PCM-2 in Figure (1-3), supplies 
ac power. SSIMs convert the regulated output voltage from the SSCMs to low-distortion 
three-phase ac to drive different loads within a zone. SSIMs can be operated in parallel 
to offer redundancy and achieve power requirements within the zone. 

The SSCMs and SSIMs are multi-functional components that implement current 


limiting, fault isolation, power conversion, regulation, and condition monitoring. 


D. DC ZEDS RESEARCH CONDUCTED AT NPS 


The Naval Postgraduate School has been actively involved in research for the next 
generation surface combatant. Several past theses have investigated issues relating to the 
DC Zonal Electrical Distribution System. The following is a short description of past 
theses. A more detailed list is contained in References [4] and [5]. 

e Constant power characteristics of DC ZEDS were investigated with reduced- 
order PSPICE dc-dc converter models. From these PSPICE models, 
observations were made concerning stability and controllability [6]. 

e ACSL models of a dc-dc converter and a three-phase inverter were developed. 
Closed-loop algorithms for buck choppers were investigated, and hardware- 
in-the-loop studies were conducted using a dSPACE card in order to validate 


computer models [7]. 


e The one-cycle control algorithm for a buck chopper was considered and 
implemented. Comparisons were made between the hardware and computer 
representation [8]. 

e Design and fabrication of several buck chopper power sections were 
documented [9]. 

e A voltage-mode buck controller was designed, along with the required gating 
circuitry. The associated analog hardware was built and documented [10]. 

e Frequency-based load sharing in current-mode controlled buck choppers was 
investigated and an ACSL model developed. In addition, an RMS frequency 
estimation circuit was designed and constructed in order to estimate the 


current from individual converters operating in parallel [11]. 


E. THESIS GOALS 


The purpose of this thesis research is to thoroughly document the design and 
development of a Ship Service Converter Module (SSCM) for a reduced-scale prototype 
Integrated Power System (IPS). The Energy Sources Analysis Consortium (ESAC), 
consisting of Purdue University, the Naval Postgraduate School-Monterey, the U.S. 
Naval Academy, the University of Missouri-Rolla, and the University of Wisconsin- 
Milwaukee, have teamed to develop technologies which will support the electric power 
distribution and propulsion systems for the next generation of naval ships and 
submarines. Each institution has design responsibilities. Motivated by the proposal 
authored by personnel at Purdue University [12], the Naval Postgraduate School has 
designed, fabricated and validated a dc-dc converter using components described in 
Chapters II through IV. Easytrax, PSPICE, SPACE, and MATLAB software were 
utilized throughout the design process. The reduced-scale SSCM will be inserted into a 
larger testbed as illustrated in Figure (1-5). The testbed is designed and configured to 
expedite the study of interconnection dynamics, stabilization algorithms, and input filter 
design. To achieve reliable performance in the testbed, the SSCM must be rugged, 


transportable, flexible, and provide convenient interconnection and monitoring capability. 
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PS: Power Supply (3 phase AC to DC) SSIM: Ship Service Inverter Module 
(DC-AC Converter) 
SSCM: Ship Service Converter Module LB: Load Bank 
{DC-DC Converter) McC: Motor Contoller 
CPL: Constant Power Load 
































Figure 1-5, Proposed DC ZEDS Testbed (After Ref. [12]). 


The work reported in this thesis provides detailed fabrication and design 
instructions to facilitate developing additional units and incorporating any required 
design modifications. This study directly supports ongoing research in the area of IPS for 


DD-21. 


F. CHAPTER OVERVIEW 


Chapter II covers the basic converter and testbed specifications. Chapter III 
focuses on the main component selection process for the dc-dc converter. Detailed steps 
for inductor design/selection are offered as well as guidelines for capacitor, Insulated 
Gate Bipolar Transistor (IGBT), and current sensor component selection. Chapter III 
concludes with a discussion of the pulse width modulation hardware. In Chapter IV, the 
control circuitry is investigated. Control board design from mathematical theory to 
hardware implementation is discussed. Additionally, the commercially-available IGBT 


driver board is explained and a test circuit is illustrated. Finally, Chapter IV contains a 
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description of the voltage and current sensing circuits. Chapter V documents and 
illustrates the overall SSCM layout where each section is broken down by circuit function 
(i.e. protection circuitry, PWM circuitry). Chapter VI includes a discussion of the testing 
and validation studies performed. Chapter VII contains concluding remarks and 
recommendations for future studies. Issues/recommendations are offered throughout the 


thesis where applicable. 


THIS PAGE INTENTIONALLY LEFT BLANK 
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I. CONVERTER AND TESTBED SPECIFICATIONS 


A. PURPOSE 


As indicated in Chapter I, the goals of this thesis are to document the design, 
fabrication, and testing of a reduced-scale SSCM. The design must be rugged, flexible, 
transportable, and provide convenient connections for use in a larger testbed. This 
chapter will outline the specification requirements for the project, specify the general 
equations utilized in the design of a dc-dc converter, and provide an overview of the 


major assemblies required in this design. 


B. SPECIFICATIONS 


Table (2-1) lists the required specifications met in this design. Note, throughout 


this thesis the converter output voltage will be referred to as V. or Vou, while the voltage 


applied to the input filter will be designated by Vi, or E (see Figure (2-1)). 


Switching Frequency 20kHz 


Input (maximum) Vin= E=500Vpc 
Iin= 16A 

Output (maximum) Ve= Vout = 400Vpc 
Tour = 20A 


Range for Continuous Inductor Current | >10% Load (Rr < 200Q) at D = 0.8 
Output Voltage Ripple < 1% at Full Load 


Table 2-1, Buck Converter Specifications. 
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1. Power Section 


Figure (2-1) illustrates the basic elements of the selected power section for the dc- 
de converter. From Reference [13], it can be shown that this dc-dc converter acts as a dc 
step-down (buck) transformer. The steady-state output voltage, V., is directly related to 
the nominal switch duty cycle (D) and, for an ideal converter, is given by Equation (2-1). 
V.=DE (2-1) 
To meet the input/output voltage specifications listed in Table (2-1), the nominal duty 


cycle must equal 0.8. Furthermore, components listed in Table (2-2) were selected with 


relevant data sheets contained in Appendix A. Analysis of each component is presented 












































in detail in Chapter I. 
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Figure 2-1, Buck Chopper Input Filter and Power Section. 
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Component 


Manufacture/Part Number/Value 





Input Filter Inductor 


Arnold Cores (A-125112-2) 
0.4 mH, hand wound, 55 turns, ub = 60 





Input Filter Capacitor Components 


1) Mallory (CGH102T450V3L) 
2-500 LF, 450Vpc 

2) General Electric (Z97F8258) 
1-45uF, 600V ac 

3) 3-2W, 3Q resistors 














Output Inductor Arnold Cores (A-158304-2) 

1.0 mH, hand wound, 57 turns, = 147 
Output Capacitor Mallory (CGH102T450V3L) 

500 LF, 450Vpc 
Switch/Diode Semikron (SKM-100GB-124D) 





IGBT Power Module, 1200V/100A 





Table 2-2, Component Selection. 


2. Input Filter 


The input filter is illustrated in Figure (2-1). The assumed input to the filter is 


from a controlled six-pulse rectifier, which has a dc component of approximately 500V 


and the dominant ripple component at 360Hz. Pole placement for the two-pole filter was 


selected to allow 360Hz to pass while ensuring that 20kHz was blocked. The control 


should be able to accommodate the low-frequency ripple of the rectifier. Chapter III 


details the design process while Equation (2-2) provides the appropriate filter cutoff 


(3dB) frequency. 


i ilter ~ 
A 20 IL Giter€ filter 


1 





(2-2) 





3. Critical Inductance 


Several factors are involved in the selection and design of the buck converter 
power section inductance (labeled Louck in Figure (2-1)). Chapter III details the process 
involved in inductor design and Appendix B contains MATLAB code used to calculate 
inductance. Critical inductance is the minimum inductance required to maintain 
continuous conduction and is given by Equation (2-3). In Equation (2-3), T is the 
switching period (50usec), R is the critical load resistance (Reit=1ORyatea), and D is the 


nominal duty cycle (0.8). 


Levit = Su = D) (2-3) 


4. Capacitance 


Capacitor selection was based on both voltage ripple and dynamic response. To 
meet the maximum one-percent steady-state ripple tolerance, Equation (2-4) from 


Reference [14] was utilized. 


= ore 
min 8AV,L 





(V;, ~ Le ) (2-4) 


In Equation (2-4), AV, is the peak-to-peak capacitor voltage ripple, L is the actual power 
section inductance, and V;, and Voy; are the nominal values. Chapter III details the 


minimum capacitance calculations and the actual findings and values utilized. 


5. Switch/Diode 


As stated previously, a Semikron IGBT was selected that met the switching 


speeds and the voltage and current ratings required for this design. Chapter III briefly 
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discusses the IGBT and Chapter IV details the design process and equations for the 
analog control board, IGBT driver board, and sensor boards. The power section diode, 
D1 in Figure (2-1), is physically contained inside the IGBT package. Since the diode is 


integrated in the same package, stray inductance in the circuit is minimized. 


Cc. SSCM MONITORING AND INTERCONNECTIONS 


Providing the ability to monitor key circuit parameters in any system is vital to the 


user. As illustrated in Figure (2-2), the front panel of the SSCM was designed to provide 


continuous system monitoring and testing capability. All British Naval Connector (BNC) 





FRONT PANEL 


Vout lout d(t) Reset Push Buttons 
115V Power 


O O © O O Hy of Over Temp Over Current Time Out 


BNC Connections Switch 


Voltage Potentiometer 


Vin Meter Vout Meter 


Driver Error Poweron Over Temp Over Current 
se GREEN RED RED 
LED LED LED 














Figure 2-2, SSCM Front Panel. 


connections are accessible and easily replaced. The BNC connections displayed in 
Figure (2-2) are connected via cables to easily accessible BNC connections located on 
top of the main SSCM circuit board. Digital meters were provided to give precise 


readouts of input and output voltage. Light Emitting Diodes (LEDs) are mounted on the 
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front panel to warn the user of a fault and to display SSCM power status. Fault LEDs 
and associated protection circuitry are discussed in Chapter V. 

To provide control option flexibility, the SSCM contains a user select switch 
(SW1) located on the main circuit board. The switch is illustrated in Figure (2-3) along 
with a description of switch functional positions. To interpret the table in Figure (2-3), 
the following is offered. If the user desires to use the SSCM internal control and PWM 
circuitry, SW1 toggles 1 and 2 are placed in the "on" position while 3 and 4 are down or 
"off" (the down position has no label). If the user desires to provide an external duty 
cycle to the PWM circuit and bypass the internal control circuitry, then the desired duty 
cycle is input into the front panel BNC at d(t) and SW1 toggles 2 and 3 are placed "on 
while SW1 toggles 1 and 4 are "off". Finally, if only an external duty cycle is desired (by 
pass both the internal controller and PWM circuit), SW1 toggle 4 is set in the "on 
position and all other remaining toggles are "off." The SSCM was shipped in the test 
mode, which indicates that the SSCM is utilizing the internal integral controller and 
PWM circuit (1 and 2 "on"). Figure (2-3) is for illustrative purposes only, switch 


interface and a detailed schematic are offered in Chapter V. 





User Select Switch 
SW1 


Table for switch (SW1) 


bh (ecm 


ou |omets Fron Pane drectyto I68T Over o-15v | Front Panel Comes Fon Panel recto IGBTDiverOASV to IGBT Driver 0-15V 


a Front Panel to PWM input 0-10V d(t) 
NOTE: Close together, uses external duty cycle signal 


Test Mode Integral Contoller 
4 ON NOTE: Close together, uses SSCM controller and PWM chip 














Figure 2-3, User Select Switch. 
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D. SYSTEM COOLING AND PROTECTION 


1. System Cooling 


SSCM cooling was achieved by the use of two 115 Vac/60Hz (4-5/8") Globe 
Motors fans (part# A47-B15A-15T3-000). One fan was mounted directly onto the rear 
panel and forced air into the SSCM at approximately 100 CFM while the second fan was 
mounted directly to the heat sink to force the air across the fins of the heat sink and back 
out the rear panel of the SSCM. Figure (2-4) illustrates fan placement on the rear panel 
while Figure (2-5) illustrates the rear and side view of the IGBT placement. Placing the 
IGBT on the side of the heat sink allowed heat generated from the IGBT to transfer down 
the fins of the heat sink. These fins are in the path of the fan thus allowing heat to be 


immediately removed from the enclosure. 





Rear View 


Input Fan 
115VAC 


TISVACBA 


Output Fan 


Fuse 


Ground 
600/304, 


500 Volt I/O 














Figure 2-4, SSCM Back Panel. 
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Heat Sink Side View 


Heat Sink Rear View 


—> Output Fan IGBT 














Figure 2-5, Heat Sink Layout. 


2s Protection Circuitry 


The protection circuit is discussed in detail in Chapter V. From Figure (2-2), the 
SSCM provides indication of over-current and over-temperature by the use of two red 
LEDs. Reset buttons are located on the front panel should the aforementioned faults 
occur. Currently, "driver board error", caused either by an IGBT short circuit or a supply 
under-voltage condition (<=11V), is indicated by converter lockout (driver board no 
longer gates the IGBT). If this happens, all power must be removed from the converter 
and control power cycled off-on to reset the driver board. A yellow LED (not connected) 
was placed in the front panel (see Figure (2-2)) if future hardware monitoring of the 
"driver board error" is desired. Currently, there is no LED indication for "driver board 


error." 
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E. DC ZEDS TESTBED 


As outlined in Reference [12], the objective of ESAC will be to construct a 
laboratory-scale DC ZEDS distribution system. It is anticipated that a three-zone system 
will be constructed. The rating for the entire system will be on the order of 15kW. This 
system will be used to 

e Provide a testbed for research in control and automation tools developed by 
ESAC, 

e Provide a testbed for research in CAD Tools developed by ESAC, 

e Serve as a baseline for comparison to the full-scale advanced development 
system, 

e Serve as a basis for future support of the LBES (Land Base Engineering Site) 
test site (it would allow experiments and studies, which do not risk hardware, 
to be performed at lower power levels prior to testing at LBES) or to 
demonstrate new controls concepts before retrofits to LBES, 

e Serve as a resource to the academic and industrial community in general by 
providing a thoroughly documented system on which to demonstrate controls 
and CAD tools developed by other researchers. 

As stated in Reference [12], the system will be carefully documented and the 
documentation will be placed on the web so that it will also be a resource to researchers 
not directly involved in this project. Deliverables will include the hardware 
demonstration and a web-based report with studies, which will be made available to the 
entire engineering community. The schedule for this task is as follows: months 1-8 
encompass component construction, months 9-15 entail system integration and studies, 
months 16-18 are reserved for reporting. The periods mentioned begin January 2001. 

As stated in Chapter I, NPS is responsible for the SSCM. The bulleted list above 
pertains to the entire ESAC. The chapters and appendices that follow comprehensively 
document the SSCM design process. 
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F. SUMMARY 


This chapter provided an overview of the general design equations, physical 
cabinet appearance, and a brief discussion of system cooling and protection. 
Furthermore, the ESAC outline for all schools involved was restated from Reference 


[12]. Chapter III details the component selection process for the SSCM designed at NPS. 
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I. COMPONENT SELECTION 


A. PURPOSE 


The purpose of this chapter is to document the design process and component 


selection for the buck converter (SSCM). 


B. COMPONENT SELECTION 

Basic converter specifications, Table (2-1), were developed based on ESAC's 
project needs, component cost, and practicality of fabrication. The following subsections 
provide the design details for the main inductor, output capacitor, input filter, current 
sensors, pulse-width-modulation circuitry, and IGBT. 


1. Power Section Inductor Design 


Design for the buck chopper inductor was carried out in accordance with 


Reference [14]. Table (3-1) defines the terms utilized in inductor design. 
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Parameter Units of Measure 


Equivalent Sinusoidal rms 

Effective Cross Sectional 

Area of Magnetic Path 
a 


Number of Turns Dimensionless 


Effective Magnetic Path 
Length cm 


Effective Height Before 
Finish Inches 


Quality Factor Dimensionless 


Table 3-1, Inductor Component Design. 





The buck chopper inductor was sized to maintain continuous inductor current 
over a load range of 10% to 100% rated. The most limiting condition for continuous 
inductor current occurs at minimum load. To maintain continuous operation, the inductor 
must be wound to meet or exceed the critical inductance for the circuit. Reference [15] 
defines critical inductance, with the result given by Equation (3-1) where T is the 
switching period, R is the resistance at minimum load, and D is the nominal switch duty 
cycle. 
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Ly = (I-D) (3-1) 
By design, the switching frequency was chosen to be 20kHz or T=50psec. As 
outlined in Reference [10], this selection of switching frequency provides the following 
advantages: 
e achieves the maximum switching frequency for hard-switched IGBTs at these 
power levels, 
e eliminates audible switching noise of the buck chopper, 


e minimizes the required inductor size, 





Yc (pr) 
L ’ 


e¢ minimizes the inductor ripple current given by AI= 
e maximizes the allowable closed-loop control bandwidth. 
Analyzing Equation (3-1), two of the input parameters are set, T and R. D is determined 


using Equation (3-2) and is given by 


=e 0" - 08 
E  500V 


(3-2) 


Load resistance ranges from 20Q (100%) to 200Q (10%). For R=200Q, Lai=I1mH. An 
inductance of 1mH was selected to satisfy the continuous current requirement while 
minimizing the inductor size. 

Following a full development in Reference [14], core sizes for the input filter (to 
be discussed in a later section) and buck chopper were determined to be 60u and 147, 
respectively, as listed in Table (2-2). The following discussion details the design process 
utilized for the power section inductor (similar steps apply for the input filter inductor 
design). 

As indicated in Table (2-1), up to an average of 20A of current will flow through 
the main inductor. With this in mind, Table (3-2) was referenced to determine that 12- 


gauge wire would meet the current specification. 
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AWG | Feet/Ohm | Ohms/100ft | Ampacity mm’ | Meters/Ohm | Ohms/100M 
10 490.2 .204 30 2.588 | 149.5 .669 
12 308.7 .324 20 2.053 | 94.1 1.06 
14 193.8 516 15 1.628 | 59.1 1.69 
16 122.3 818 10 1.291 | 37.3 2.68 
18 76.8 1.30 5 1.024 | 23.4 4.27 


























Table 3-2, Copper Wire Resistance Table (After Ref. [16]). 


Next, based on the fact that the inductance was determined to be 1mH and I= 
20A, the calculation of the product Lr (energy) yields 0.4 Joules. Figure (3-1) from 
Reference [17] was consulted to determine a required core weight. Entering Figure (3-1) 
horizontally at LI’ = 0.4, the line is intersected at a required core weight of approximately 


(=~) 2.6 lbs. Returning to Reference [14], the 5.218-inch core met specifications. 
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Figure 3-1, Core Weight (From Ref. [17]). 
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The number of turns for the inductor (N) was calculated using Equation (3-3) and 


Reference [14]. 
N =1000 ae (3-3) 
L000 


With L= ImH and L099 = 304mH, listed in Reference [14], N was approximately equal 
to 57 turns. 


The magnetizing force (H) was then computed using Equation (3-4). 


H- a 


e 


(3-4) 


Employing the effective magnetic path dimension (33.12cm) listed in Figure (3-2), H was 
calculated to be 43.25 Oersteds. Note, Figure (3-2) is for a 125 inductor; however, the 


information illustrated here is the same as that for the 147 inductor. 











Dimensions 
Outside Diameter — Inside Diameter Height 
CORNERS: 
0.125 Approx. Before Coating §.218 in 3,094 in 0,800 in 
Radius (Typical) Nominal 132.54 mm 78.59 mm 20.32 mm 
After Coating = 5.274 in Max. 3.033 in Min. (0855 in Max. 
(Blue Epoxy) = 133.96 mmMax. = 77.04 mm Min, 21.72 mm Max. 
Physical Specifications 
Effective Cross Minimum Approximate Approximate Mean 


Sectional Area of Effective Magnetic Effective Core ~~ Window Weight of Length of Turn for Full 
Magnetic Path, A, Path Length, |, Volume, V, Area Finished 125y MPP = Winding (Half of I.D. 


(Reference) (Reference) (Reference) (Reference) Core Remaining) 

0.8288 in’ 12.767 in 10.58 in 7.225 in’ 3.19 lbs 3.97 in 

5.3471 cm’ 33.12 cm 173.40.cm’ 46,612 cm’ 1450 q 10.09 cm 
9,199,089 cmil 

















Figure 3-2, Core Dimensions 5.218 Inch (From Ref. [14]). 
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Continuing, Bmax Was determined using Equation (3-5) from Reference [14] where 


N =57, A. = 5.347 1cm’, f = 20kHz. 


B Ens «10° (3 5) 
max V2nNA, f 


Equation (3-5) is valid for sinusoidal voltages. With a nominal duty cycle of 0.8 and 
500V input voltage, the steady-state ideal inductor voltage is as given in Figure (3-3) plot 
(A): at 1OOV for 80% of the switching period, at -400V for 20% of the switching period. 





Square Wave (A) 


100V 








-400¥ 





=<} 44, + — 


Sine VWave (B) 














Figure 3-3, Illustrations of Waveforms for Equations (3-5) and (3-7). 
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From Figure (3-3) plot (A), the area above the 0V-Reference line must be equal to the 
area below the 0V-Reference. This is a necessary condition for the circuit to be in the 
steady state. With this in mind, the following must be true: E,, D = E,.(1-D) where E,, is 
the positive peak (+100V) and Ep. is the negative peak (-400V). The same can be said 
about plot (B) of Figure (3-3): the area above OV must equal the area below OV. Asa 


result, Equation (3-6) can be derived. 


V2E,. MS __ 


wt = E ah 6-6) 
The left hand side of Equation (3-6) applies to plot (B) while the right hand side of 
Equation (3-6) applies to plot (A). The first term on the left hand side of Equation (3-6) 
is the area of one-half cycle of a sine wave and the first term on the right hand side is the 
area of a rectangle, the units are in agreement and Equation (3-6) is valid. Therefore, 
based on the anticipated quasi-rectangular voltage waveform, Equation (3-5) will take the 


form of Equation (3-7). 


E neak 108 xD 
Bee = (3-7) 
2NA,f 





In Equation (3-7), f is the switching frequency in Hz and D is the nominal duty cycle. 
Substituting all values into Equation (3-7) with D = 0.8 and Epeak = 100V yields Bmax = 
657.07 Gauss. It should be noted that the same result can be reached by setting D = 0.2 
and Epeak = 400V 

Permeability (4), for the core was determined using Equation (3-8) where (1) and 
(A.) were defined in Table (3-1) and given in Reference [14] and L is in nano-henries 


(1x10°nH). 
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. ae 
OAM a 
e 


Substituting all values into Equation (3-8), a permeability of approximately 152 was 
determined. The closest 1 commercially available from Arnold Cores was 147,; 
therefore, this core was utilized for this project. 

Finally, consulting Figure (3-4) with the horizontal argument of 43.25 Oersteds 
(from Equation (3-4)), the 147 line is intersected at approximately 4700 gauss. From 
the graph, the inductor remains within the linear range of 4700 gauss plus or minus 
657.07 gauss (determined from Equation (3-7)). As determined from the graph in Figure 
(3-4), it is evident that the 147 curve remains in the linear region and saturation does not 
occur. The inductors were wound in the lab and measured using available lab equipment 
(Sencore model LC53 "Z meter" capacitor-inductor Analyzer). The 147y/57turn/1mH 


inductor possessed a measured inductance of 0.99mH (at zero current). 
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Figure 3-4, B-H Curves (From Ref. [14]). 
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Reference [14] utilizes the CGS system. If it is desired to use the SI system, 


Table (3-3) from Reference [14] can be entered to convert between the two systems. 


From To 
Magnetic Flux Gauss (CGS) Teslas (SD 
Density (B) 
Magnetizing Force Oersteds (CGS) Amperes per Meter 1000/(47) 
(H) (SD 
Table 3-3, Conversion Table (From Ref. [14]). 





To determine the change in permeability versus dc bias, Figure (3-5) is entered 
along the horizontal axis using the magnetizing force determined from Equation (3-4). 
As is illustrated for the 147 inductor at 43.25 Oersteds, the percent change in 
permeability can be as high as ~ 50%. Such a change can significantly affect filter 
calculations where a decrease in permeability causes the inductance to decrease that in 
turn causes the cutoff frequency of the filter to increase. Appendix A contains the spec 
sheets for the inductor and Appendix B contains a MATLAB script file for inductance 


calculation. 
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Figure 3-5, Percent Change in Permeability (From Ref. [14]). 


To summarize the inductor design steps, the following is offered: 


determine duty cycle (D) from Equation (3-2), 

determine critical inductance (L¢,i:) from Equation (3-1), 

determine current (I), choose correct wire size from Table (3-2), 

calculate energy required (LP), enter graph and choose core weight from 
Figure (3-1), 

based on weight, select core from inductor catalog specification sheets 
Reference [14], 

calculate number of turns required (N) from Equation (3-3) and Reference 
[14], 

calculate magnetizing force (H) based on specs from specification sheet 
Reference [14] and Equation (3-4), 

calculate Bmax based on data from specification sheet Reference [14] and 
Equations (3-4 through 3-7), 

calculate permeability ({1) from Equation (3-8) and Reference [14], 

enter B-H graphs in Reference [14] and Figure (3-4) and determine if inductor 


chosen is within the linear region, 
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e finally, determine percent change in permeability from Figure (3-5) and 
Reference [14]. 
Once the input filter frequency has been determined (Leiter and Critter), the same 


steps listed above should be followed when deciding on a core for the input inductor. 


2. Output Capacitor Sizing 


Capacitor selection was based on parameters from Table (2-1) with buck chopper 
output voltage ripple (AV,) less than 1% (4V peak-to-peak). To determine the correct 
capacitance, a full development from Reference [13] was utilized. From Reference [13], 
the difference between the maximum and minimum inductor current, Imax-Imin, 1S given 


by: 





x DT (3-9) 


Substituting in the appropriate values, Imax-Imin = 4A. The change in charge (AQ) was 
calculated using Equation (3-10) with T = 50usec, f = 20kHz: 


(nax L nin ) 


aa 


xP (3-10) 


Substituting all values, AQ = 25uC. To find the minimum output capacitance required, 


Equation (2-4) was utilized and verified by Equations (3-11) and (3-12). 


@2n8 (3-11) 
AV 
c 
AV 27] - 
ate TF d-D) (3-12) 
V SLC 


Cc 
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Substituting all values into Equations (3-11) and (3-12) and assuming full load condition 
(L = 50% of theoretical value), C = 12.5uF, which is the minimum capacitance required. 
Note, capacitor selection is somewhat dependent on the dynamic response desired, for 
example, the requirement that there is enough energy to recover during a load transient. 
Equation (3-11) is only a steady-state requirement. 

One must simulate the power section and control law to assess the appropriateness 
of capacitance selection. Reference [4] cited that actual capacitance required could range 
from 10 to 100 times Cmin. A detailed buck chopper SIMULINK model was built and 
MATLAB m-files (used bessel pole locations) written to test various values of 
capacitance. Simulation revealed a capacitance of ~500uUF was required to obtain a 
reasonable transient response. The MATLAB script files and detailed SIMULINK model 
are contained in Appendix B. 

Figure (3-6) illustrates two simulation runs, one for C = 50uF and one for C = 
500uF. In each case, the control law feedback gains were modified to achieve identical 
closed-loop pole locations so that appropriate comparisons can be made (pole locations S 
= -2342.06 + j2234.30, -2959.38). The control law assumed is documented in Chapter 
IV. From the figure, it is apparent that C = 5OOUF is the more suitable choice for output 
capacitance. Figure (3-6) illustrates a step-change from minimum load (200Q) to 
maximum load (20Q) then a step change back to minimum load. For C = 50uUF, the 
output voltage transient during both step changes is greater than 30V, motivating the 
choice of a larger capacitance value. For a similar load transients with C = 500uF, the 
output voltage remains within +4V. Values of capacitance much larger than 5OOUF 
introduce the possibility of large swings in the duty cycle during a transient, with the 
resulting rail-to-rail signal injecting spurious noise into the system. A SOOUF output 
capacitance was deemed adequate in terms of transient response and duty cycle 


performance. 
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R= 200 ohm 














Figure 3-6, Output Voltage and Power Section Inductor Current Plots. 
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Care must be exercised when selecting the proper capacitor. In general, the 
specification sheet will list maximum ripple current and frequency response. For this 
project, a capacitor with 6A;ms; (from spec sheet) ripple at 20kHz was selected to ensure 
components were within specification guidelines. The capacitor spec sheet is included in 


Appendix A. 
3. Input Filter Selection 


The input filter, illustrated in Figure (2-1), must allow the 360Hz ripple from the 
assumed six-pulse rectifier to pass and to ensure that the switching frequency from the 
main switch is blocked. Blocking the switching frequency ensures that the IGBT 
switching action will not be fed back to other converters supplied by the same rectifier. 

To determine filter capacitor and inductor size, the resonant peak of the filter was 
chosen to be 450Hz. This resonant frequency allowed 360Hz to pass and was at least one 
decade below the switching frequency of the IGBT prohibiting it from affecting the input. 
Substituting into Equation (3-13) with fy = 450Hz and C = 500uF (selected for its 
availability in the lab), L was determined to be 250uH. 


fo —e (3-13) 
Referring back to Figure (3-5), the inductor permeability could change as much as fifty- 
percent thus decreasing inductance as much as fifty percent. Taking the aforementioned 
into account and following the same procedures listed above for the buck chopper power 
section inductor, the input filter inductor was hand wound (55 turns) for 0.4mH and 
measured 0.357mH in the lab using the same test equipment as previously mentioned. 
Concern lied in the dc bias portion of the circuit. From specifications listed in 
Table (2-1), Pour = 8kW and Vi, = E = 500V4q.. Noting that for an ideal converter Pi, = 
Pout= Vin /R and solving for R reveals that the filter "sees" a steady-state impedance of 


31.25Q (Note, a more detailed analysis is required to characterize the incremental small- 
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signal input impedance). With I= E/R, 16A of dc bias is going through the inductor as 
shown from the PSPICE simulation in Figure (3-7). As in the case of the power section 
inductor, the permeability of the filter inductor will change with an increase in dc-bias. 
Entering Equation (3-4), where N = 55, I= 16A and |, = 25cm, H=44.2 Oersteds. Next, 
entering Figure (3-5) it is seen that the permeability can change as much as = 85%, 
resulting in a worst-case foutore ~968.5Hz. The increase in the cutoff frequency is not an 
issue since the 360 Hz will pass while 20kHz is blocked. The specification sheets are 
contained in Appendix A and Reference [14]. 

Illustrated in Figure (3-7), Rf1 through Rf3 function to provide appreciable 
damping at the LC resonant frequency [13]. From [13], Rf = VLIC where L = 357uHH 
and C = 500uF which results in Rf = 0.840. High wattage (2W) resistors were available 
in the lab; therefore, 3-3Q resistors were placed in parallel to achieve = 1Q of dampening 
resistance, close to the theoretical value of 0.840. Finally, the 45uF capacitor in Figure 
(3-7) provided additional damping (found experimentally). No calculations were used to 
select the 45uF capacitor, it was available in the lab and its capacitance had a minimal 


impact on total capacitance in the input filter. 





Lfilter 
A 





16.00A 
45uF 31.25 


C600Vac 


R1 















Figure 3-7, Buck Converter Input Filter. 
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Simulation was conducted on the circuit in Figure (3-7) using Multisim software 
from Electronic Workbench. Figure (3-8) illustrates the bode plot for the ideal low-pass 
filter. The cursor indicates that the response begins to roll off near ~ 440Hz, which was 


acceptable for this design. 


Bode Plotter-~BP1 


Piagnitude Phase | | save | 
| 





| -0.067 dB 
| 439.399 Hz 


+f in tf - + ont - 
Figure 3-8, Bode Plot Input Filter. 











4. Current Sensors 


In Chapter IV, the analog control board and current sensing boards are discussed 
in detail and Easytrax layouts are provided in Appendix D. The feedback control law 
utilizes measurements of the output current (i) and the power section inductor current 
(it). In Figure (3-9), two inputs to the control board are labeled 1,/5 and i,/5. (Note, 
circuit labeling conventions are addressed in Chapter V). These inputs are obtained from 
the CLN-50 Hall-effect current sensor from manufacturer F.W. Bell. Appendix A 
contains data sheets for the CLN-50. 
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Figure 3-9, Control Circuit Inputs. 


The CLN-50 accurately measures dc and ac current and provides electrical 
isolation between the current-carrying conductor and the output of the sensor. The 
current sensor uses the Hall effect to sense the magnetic field and output a proportional 
voltage. The Hall effect is defined as follows: If a conductor carrying a current (I) is 
placed in a magnetic field of density (B) in a direction normal to it, then an electric field, 
and therefore a potential, is set up across the width of the conductor. This is the Hall 
effect, the generation of an electromotive force (e.m.f.) by the movement of electrons 
through a magnetic field. The Hall e.m.f. is picked off by tappings applied to the 
conductor edge for the measurement of current. 

The current-carrying conductor placed through the window of the CLN-50 
produces a magnetic field that is proportional to the current. The current through the coil 
produces an opposing field to that provided by the current through the aperture; therefore, 
flux in the core is constantly driven to zero. The coil is connected to the output of the 
sensor and the output is a current proportional to the aperture current multiplied by the 
number of turns of the coil. This project utilized 1000-turn coils providing 1mA of 
output current for 1A of circuit current. The output current is converted to a voltage by 


connecting the output current through a resistor (200Q). The resulting voltage signal out 
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of the sensor is equal to the circuit current divided by five. This signal is then fed to the 
control board as discussed in Chapter IV. A different scaling can be achieved by 
adjusting the resistor value. 

According to Reference [18], Hall-effect sensors provide an advantage over 
traditional resistive shunt and current transformer methods in that the Hall-effect can both 
measure ac and de current and provide electrical isolation. Hall-effect sensors also offer 
the following: 

e low cost method of measuring larger ac and de currents, 

e high frequency range (>150KkHz, not applicable to this design), 

e¢ no magnetic hysteresis or offset, 

e fast response and excellent linearity, 

e several sensors can be connected in parallel to the same supply. 

Finally, to achieve the most accurate reading from the sensor, the wire was placed 
as close as possible to the center of the aperture. Furthermore, to avoid interference from 
other large current-carrying conductors in the buck converter module, sensors were 


carefully located in the buck converter enclosure (location illustrated in Chapter V). 


5. Pulsed Width Modulation Chip Selection (UC3637) 


Figure (3-10) illustrates the Pulse Width Modulation (PWM) stage. This circuit is 
comprised of the UC3637 chip by Unitrode. Data sheets are included in Appendix A and 
design considerations with applicable equations are discussed in Reference [19]. The 
UC3637 is available in industrial and military grades (UC2637 and UC1637, 


respectively). 
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The UC3637 implements pulse width modulation. PWM is basically a switching 


technique where the supply voltage is applied to the load and then removed. The on 


times and off times are controlled as precisely as possible. The main function is to 


regulate the flow of energy from a power supply to a load, under the control of an input 


signal. 


Figure (3-10) is a block diagram of the UC3637. Reference [19] discusses in 


detail the functional operation of each sub-block and defines all abbreviations (i.e. CP, 


CN). The main functions discussed in Reference [19] are: 


triangle wave generator; CP, CN, S1, SR1, 
PWM comparators; CA, CB, 

output control gates; NA, NB, 

current limit; CL, SRA, SRB, 


39 


e error amplifier; EA, 

e shutdown comparator; CS, 

e and undervoltage lockout; UVL. 
Ratings for the device are included in Appendix A. 

The UC3637 receives the analog duty cycle 10d(t) (0-10V), from the main control 
circuit, discussed in Chapter IV, and produces a square wave output at a frequency of 
=20.4kHz. Charging capacitor, C392 in Figure (3-11), generates the triangle wave. C392 


was calculated using Equations (3-14) and (3-15). 
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Figure 3-11, PWM Circuit Diagram. 
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Tes (+Vr, )—(—Vs) 


S (3-14) 
R318 


Is 


= 2X C392 [(+V ig )-— (Ving J] 





(3-15) 


In the previous equations, Is is the current through R313, +VrHis the upper threshold 
voltage (10V), -V tu is the lower threshold voltage (OV), f is the frequency (20kHz 
desired), and Vs is the supply voltage (+ 15V). Choosing R31g = 27kQ, Is = 0.0009mA. 
Solving Equation (3-15), through iterative process, C392 was ~2200pF, which yielded a 
frequency of = 20.4kHz. From the PWM stage, the driver pulse (see Figure 3-11) is sent 
via pin four of the UC3637 to the IGBT driver board discussed in Chapter IV. It should 
be noted that the threshold voltages were user selected to meet the 0-10V output 
capability of a standard D/A chip. 


6. IGBT Selection 


Selection of the proper IGBT was based on the specifications listed in Table (2-1) 
and the lead-time specified by the manufacturer. To meet specs and project deadline, 
Semikron SKM100GB124D IGBT was selected. The device is rated for 1200V/100A at 
20kHz, well within design requirements. The IGBT already includes a fast recovery 
diode as part of the module; therefore, an external fast recovery diode is not required. 


Appendix A contains the data sheets for the IGBT. 


C. SUMMARY 


This chapter focused on the process of selecting major components for the 
prototype SSCM. Appendix C contains the parts list used in the design along with 
expected lead times and price information as of April 2001 (for major components only). 
With the major components introduced, the design of the main control circuit, sensor 


boards, and the IGBT driver board are detailed next. The equations implemented by the 
4l 


control board and the operations of the commercially-available IGBT driver board are 


documented in Chapter IV. 
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IV. CONTROL BOARD AND SUPPORTING CIRCUITS DESIGN 


A. FEEDBACK CONTROL OF THE BUCK CHOPPER 


The purpose the buck chopper feedback control is to establish suitable voltage 
regulation. For testing the converter, the converter output must remain nearly constant 
under changing load and input conditions. Switching functions must adjust to maintain 
nearly precise operation, and adjustment must be performed whenever the converter 
operates. As addressed in Reference [20], practical power converters do not provide 
adequate open-loop regulation. Most open-loop controlled converters produce an output 
dependent on the input, and do not provide inherent line regulation. At low power, the 
effects of equivalent series resistance (ESR), voltage drops across semiconductor 
switches, and even wire resistance make operation load dependent. To account for these 
effects, the duty ratio of a dc-dc converter must be altered and made a function of the 
output. 

A system is said to be asymptotically stable if it returns to the original operating 
conditions after being altered or disturbed. In general, control can be achieved via open- 
loop or closed-loop techniques. With open-loop control, the duty cycle is set without 
information about the system state and no corrective action can take place if a disturbance 
occurs. With this in mind, it is apparent that closing the loop is vital if proper regulation 
and stability are to be maintained in the dc-dc converter. Stability is required for small, 
fast disturbances such as noise, for large disturbances such as startup or loss of load, and 
for periodic disturbances such as input ripple. As stated in Chapter II, the dc-dc 
converter control must be robust; hence, the control circuitry must be robust. 

Closed-loop or negative feedback control makes a measurement of the output and 
compares this signal to the desired signal. An error signal is developed and the control 
input is altered to account for this error. Closed-loop control can offer undesirable 
results as well. The error signal is intended to be zero; however, if zero error is 
developed there will be no error signal to drive the control parameter. As will be seen in 


a later section, to alleviate this problem, integral control was utilized since the integrator 
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produces nonzero output even when the input is zero. It should be mentioned that care 
must be exercised when choosing gains or the integral control could result in instability. 
The purpose of this chapter is to develop the control equations and explain the control 


circuitry utilized in the design. 
B. ANALOG CONTROL BOARD 

1. Main Control Stage Circuit Equations 

Control for the buck chopper was accomplished utilizing the analog control 
algorithm adapted from Reference [21] and described in Equation (4-1). Appropriate 
Bessel pole locations are selected and feedback gains derived using MATLAB code 


documented in Appendix B. The main control circuitry, illustrated in Figure (4-1), 


implements the algorithm given in Equation (4-1). 


d(t)=—h, (Vou —Vref )=n | (a — Vref )dt —h; (i, =Apyt) (4-1) 
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Figure 4-1, Main Control Stage (After Ref. [10]). 
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Equation (4-1) states that the duty cycle perturbations are a function of the output 
voltage, the inductor current, and the output current. With the control loop speed slower 
than the switching frequency (20kHz), one may view the switching frequency harmonics 
as being filtered out and that the duty cycle is a function of the averaged values of the 
circuit variables. From Equation (4-1), d(t) is the duty cycle, hy is the proportional 
voltage gain, h, is the integral voltage gain, and h; is the proportional capacitor current 
gain. The term hi(it-iou:) essentially implements the feedback of the derivative of the 
output voltage. By selecting the proper feedback gains hj, hy, and hy, the desired closed- 
loop response can be obtained. 

As illustrated in Figure (4-1) and included in Equation (4-1), both current and 
voltage feedback were utilized. Without current feedback, the transient response of the 
converter is slow, since changes in the duty cycle would only take place with a 
perturbation in the output voltage (V.,.,). Thus, rapid output current changes (step 
changes for instance) introduce near-instantaneous modifications to the switch duty 
cycle. 

Before pole placement was resolved, a closed-loop transfer function for the buck 
chopper and control was determined. The closed-loop system is illustrated in Figure (4- 
2). The upper right hand block was derived for the buck chopper (the plant) in 
References [10] and [13]. 
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Figure 4-2, Buck Converter Closed-Loop System. 
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Solving the closed-loop transfer function resulted in Equation (4-2) where E, L, C, and R 


are known constants listed in Chapters II and II. 





E 
ae +h 
Vout ae LC (he n) (4-2) 
Yref Saft yey |s24 cE pe, peers 
RO Lt LC LC LCF 


By writing the nodal equations applicable to Figure (4-1), labeled Pt A, Pt B, Pt 
C, and 10d(t), equations for the unknown gains (hy, hy, hj) can be obtained. Referring to 
points A, B, C, and d(t) in Figure (4-1), Equations (4-3) through (4-9) follow. At point A 


(note, circuit labeling conventions are addressed in Chapter V): 





A= — 108 : } Ryiog | 74 Rios | i (4-3) 
Rio9 5) Rio + Ri10G Rigg } 3 


Arbitrarily choosing the same resistor values for U1A and U1B and realizing from Figure 


(1-4) that capacitor current is ic =i, —i, , Equation (4-3) simplifies to Equation (4-4). 


ds. 
A= (ic) (4-4) 


At point B: 





pa ZRuor{ ref |_| Ror |. f % (4-5) 
Substituting the designated resistor values for these op-amps results in Equation (4-6). 


I 
Ba (Vg Vrap) (4-6) 
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Continuing, the evaluation at point C yields Equation (4-7). 


1 
eas aa |e 4-7 
100XC197R106 {( ° ie) ou 


Zener diodes, Dj96 and Djo7, connected to UIC prevent integrator windup. These diodes 
function to clamp the integrator and prevent an unlimited buildup of voltage (zener 
breakdown voltage is 6.2V). 

Finally, writing the equation at 10d(t) yields Equation (4-8) and after some 


algebraic manipulation, Equation (4-9) results. 














10d(t) = S14 (A)- R14 (C)+ R112G oa Ry14 (B) (4-8) 
Rj 13B R113 Ry2t+Ry2G\ R138 / Rin3c 
—R R 
10d(t)=——4 (ig. )- Tid | V, —Vyor \dt — 
IR113R 100R} 13CC107R 106 | re 


(4-9) 








1 R126 14 Ry14 | =i) 
oO re, 
100 Ryj72+ R26 Ri13B/ Ri13¢ 


Revisiting Equation (4-1), it is apparent from Equation (4-9), after dividing 
through by ten, that the coefficient of capacitor current (ic) is h;, the coefficient for the 
integral term is h,, and the coefficient for the voltage error (V,-V,.:) is hy resulting in 


Equations (4-10) through (4-12). 


= Rus (4-10) 
SOR] 13B 
ne oy) 
1000R113C¢C107R 106 
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R R 
i S| ee — | fe (4-12) 
1000 R 12+ ki 12G Rii3B Ri 13¢ 


From Equations (4-10) through (4-12), it is apparent that once the gains are resolved 


resistor values for ULC and UID in Figure (4-1) can be determined. 
2. Pole Placement and Gain Selection 


There are uncountable alternatives for pole-placement design. In general, the 
design should produce poles with roughly equal (and high) magnitudes, spread along an 
arc in the left-half complex (s) plane. Imaginary parts should not be larger than real parts 
for any pole [20]. 

To minimize the control gains a Bessel function polynomial approximation was 
utilized [22]. The pole locations are listed in Table (4-1), and the multiplication factor, 
(@), is 27500. To prevent unwanted controller actions, ® must be sized at least one 
decade below the radian switching frequency (27*20kHz). In general, the selection of w 
should not require excessive duty cycle control effort, which introduces unwanted noise 


in the controller [21]. 

















Pole Location 
Si -0.7455@ + j0.71120 
So -0.7455@ - j0.7112@ 
S3 -0.9420@ 








Table 4-1, Bessel Pole Locations. 


Expanding the pole locations from Table (4-1) into a third-order polynomial 


yields Equation (4-13), which further simplifies to Equation (4-14). 


(S+0.7455@— j0.71120)(S +0.7455@ + j0.7112@)(S + 0.9420 ) (4-13) 
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S? +.7643.58? +2.43x10’ § +3.10x10!" (4-14) 


Next, the (S) coefficients from the denominator of Equation (4-2) and the (S) 
coefficients from Equation (4-14) were equated resulting in the gains listed in Table (4- 


2). These gains were determined using E = 500V, L = ImH, C = 500uF, and R = 200Q. 

















Closed-Loop Pole Locations S = -2342.06 + j2234.30, -2959.38 
Proportional Voltage Gain hy, =0 .017 
Proportional Current Gain h; = 0.015 
Integral Voltage Gain hy, = 23.40 








Table 4-2, Buck Converter Closed-Loop Poles and Gains. 


Substituting the gains listed in Table (4-2) into Equations (4-10) through (4-12) allows 
calculation of the remaining resistor values for Figure (4-1). It should be noted that the 
following was assumed when carrying out the calculations for the final resistor values: 

e UIA and U1B were assumed unity gain, 

e Rii3B, Cio7, Riizc, Rios in Figure (4-1) were arbitrarily chosen. 

The derivation just described was for 100% loading. To ensure the system 
maintains stable operation, pole locations must be reassessed throughout the entire load 
range. Although many combinations of resistors could have achieved the desired results, 
this project kept resistor values between 2kQ and 200kQ. The resistor values were kept 
above 2kQ to ensure that op-amp current limit was not exceeded while values were kept 
below 200kQ to minimize noise from Electro-Magnetic Interference (EMI) and prevent 
interaction with op-amp input impedance. Appendix B contains the MATLAB code 


utilized to solve for the unknown gains and remaining resistor values. 


3. Main Control Stage Stability 


To pictorially verify the stability of the control system, the rise time, settling time, 


steady-state error, and the overshoot were investigated. Reference [23] defines the 
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preceding terms. Rise time is the time required for the step response to rise from 10% to 
90% of its final value. Settling time is the time required for the system output to settle 
within a certain percentage of the nominal output. Steady-state error is the error when the 
time period is large and the transient response has decayed, leaving the continuous 
response. Finally, overshoot characterizes the amount the output swings past the steady- 
state output for a given step input. 

The stability of the control system was verified using MATLAB. The open-loop 
frequency response was first investigated followed by the closed-loop response. 

Open-loop response for Rioag equal to 20Q. is illustrated at the top of Figure (4-3) 
while Rijoaa equal to 200Q. is pictured at the bottom of Figure (4-3). 
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The crossover frequency in Figure (4-3) is the frequency at which open-loop gain 
is OdB. Phase margin (PM) is 180° minus the phase of the transfer function at the 
crossover frequency (PM =48° in Figure (4-3)). The gain margin (GM) is the inverse of 
the open-loop gain magnitude at the frequency where the phase is 180° (GM = 95dB in 
Figure (4-3)). As illustrated in Figure (4-3) with both PM > 0 and GM > 0, the system is 
stable. 

Next, the closed-loop step response (for a change in Vyer) and Bode plots for Rioaa 
equal to 20Q (100% load) are illustrated in Figure (4-4). The top plot is the step response 
showing the rise time, settling time, peak response, and the time to reach steady state. 
MATLAB contains a graphical function that will allow all these points to automatically 
be annotated on the plot. Appendix B contains the MATLAB code to generate the 
illustrated plots. 
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The step response and bode plots for Rioag equal to 200Q (10% load) are 
illustrated in Figure (4-5). 
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Figure 4-5, Step Response and Closed-Loop Frequency Response 10% Load. 
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As can be determined from Figures (4-4 and 4-5), the control loop system is 
stable throughout the entire load range. LF347 Texas Instrument quad operational 
amplifier was utilized to realize the control loop circuitry illustrated in Figure (4-1). Data 
sheets for this particular chip are contained in Appendix A. The output of the control 


stage 10d(t) is fed to the UC3637 PWM chip as indicated in Figures (3-9 and 3-11). 


C. IGBT DRIVER BOARD SELECTION 


The IGBT Driver Board is fully described and illustrated in Appendix A. A 
Semikron SKHI 10/17 High Power Single IGBT Driver meets specification requirements 
listed in Table (2-1) and was selected for this design. This driver is capable of switching 
up to a 400A IGBT module at 20kHz, which meets or exceeds design requirements 

The driver includes a user input voltage level selector (+15V or +5V). For this 
design +15V was selected because all control circuitry utilized + 15V; however, the card 
is capable of TTL input operation. As outlined in Appendix A, the +5V logic can be 
realized by bridging the pads marked "J1" together. For long input cabling, greater than 
50cm, +15V is recommended due to EMI considerations. 

A simple test circuit was set up in the lab to test the driver prior to full circuit 
interface. Figure (4-6) illustrates the required connections and Appendix A contains the 


detailed testing procedure. 


55 











Function Generator 
2kHz @ SVpp Out 


Power Resistor 


14 pin Input 1° 
Connector 


LU 


IGBT Driver 
Board 15V¥ Power 
Supply 


#2 


+ z 











Figure 4-6, IGBT Driver Board Test Circuit. 


Waveforms were monitored on two oscilloscope channels. Channel two was set 
up across the power resistor to monitor the performance of the IGBT, while channel one 
monitored the function generator and was set up between pin 2 and pin 11 of the IGBT 
driver board input connector. All other performance checks were followed as outlined in 
Appendix A. 

In Figure (4-6), the IGBT driver board receives its input on pin two of the input 
connector (14-pin connector). In Figure (4-6), the function generator is feeding pin 2 for 
test purposes only. In actual circuit interface, pin 2 receives its input from the PWM chip 
pin 4, which is labeled Aoy in Figure (3-10). The output of the IGBT driver board is pin 
3 of the 5-pin output connector. This signal is directly fed to the gate of the IGBT at pin 
ce 
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D. CURRENT AND VOLTAGE SENSOR CIRCUITS 


To obtain the required inputs to the control circuit in Figure (4-1), current and 


voltage measurements had to be obtained from the power section of the SSCM. 


1. Current Sensor Circuit 


To obtain the i,/5 and i,/5 inputs to the control card, the circuit in Figure (4-7) 


was utilized (note, detailed schematics are included in Chapter V). 





Lfilter 


(io/5) 
J1CS-4 


(iL/5) 
NCS. 














Figure 4-7, Current Sensor Circuit. 


The theory of the CL50 Hall-effect sensor was described in Chapter II. From 
Figure (4-7), the CL50 requires a + 15V supply (discussed in Chapter V). Chapter II 
stated that the CL50 divides whatever current flows through the device by 1000. With 
this in mind, average full-load current anticipated to be produced by the CL50 would be 


ner =0.02A. Next, given a 200Q resistor, a 4V signal (i,/5 and i,/5) is achieved. The 


maximum output voltage of the sensor is 8V corresponding to a peak converter current of 
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40A. This leaves sufficient headroom for dynamic current measurements during 


transients. 


Zs Voltage Sensor Circuit 


To obtain the required voltage inputs to the control circuit in Figure (4-1), voltage 


measurements also had to be readily available from the power section of the SSCM. 


Figure (4-8) illustrates where the measurements were obtained. 
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Figure 4-8, Voltage Sensor Circuit. 


As shown in Figure (4-8), Vin (E) and Vou; are taken from the input filter section and 
power section, respectively. Both signals are immediately sent through voltage divider 


networks consisting of 270kQ and 2.7kQ resistors. The zener diodes (DA101 and 
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DA201) prevent excessive voltages from entering the main control board. Equation (4- 
16) provides an example of the output to Al (AD215 located on the main circuit board). 
Assuming Vou = 400V: 


2.7kQ 


niin (4-16) 
2.7kQ+270kQ 


Vaivi = Vout 


This simple circuit takes the high voltage from the power section and provides a much 
lower voltage to be used in the control circuitry of Figure (4-1). Circuit interface will be 


discussed in Chapter V. 
E. SUMMARY 


This chapter focused on the development of the control circuit for the SSCM. 
Also introduced were the sensor circuits that provide the required inputs for the control 
circuit, Figure (4-1). Stability verification was obtained using MATLAB, and proof of 
stability was illustrated via Bode plots. In Chapter V, circuit-labeling schemes are 
presented. Furthermore, detailed explanations of the protection circuitry, power supply 
and buffer stage are discussed. Also presented in the next chapter are the detailed 
schematics of all the sub-circuits. Placement of all schematics in Chapter V will allow 


the user to reference one chapter for all circuits in the SSCM. 
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V. OVERALL CIRCUIT LAYOUT AND SCHEMATICS 


A. PURPOSE 


The purpose of this chapter is to unify the concepts introduced in Chapters II-IV. 
Schematics of the final product are illustrated and a functional description of each circuit 
and how they interconnect is presented. Circuit/schematic labeling is explained and 
problems (if encountered) in the assembly of the dc-dc converter are addressed. 
Appendix C contains a component parts list of each major sub-assembly discussed. The 
purpose of the parts list is to provide a ready reference to assist in the construction of 


additional units in the future. 


B. CIRCUIT BOARD BACKGROUND 


1. Board Cutting 


Circuit board development was accomplished using Protel Easytrax software, 
version 2.06. Easytrax allowed layout and component interconnection on two layers 
(front and back). The software and necessary hardware were available at the Naval 
Postgraduate School. ET3 Yenko, lab assistant, manufactured all printed circuit boards 
for the SSCM. 

All circuit boards were cut so that there were two separate ground planes: one 
isolated ground section for high voltage and a control card ground plane. Thermal pads 
were added at all connection points on the ground planes for ease of soldering. A thermal 
pad is a star cut around a hole in the copper made to reduce heat flow during soldering. 
Due to physical cabinet size limitations and desired circuit board location, the board was 
designed to ensure that all components would fit on a 10.75-inch by 6-inch board. This 
proved to be challenging since one goal was to limit the amount of "vias" on the board. 
A "via" is simply a jumper through which a signal on one side of the board is made 


available on the other side of the board. Trace widths were chosen based on perceived 


61 


current flow; thus power supply traces are significantly wider than signal traces. 
Connectors were placed strategically near the board edge to ensure ease of user access. 
Additionally, enough real estate was made available to accommodate heat sinks for the 
linear voltage regulators, LM 7815 and LM 7915. 

Once a printed circuit board was developed, a netlist was compiled. The netlist 
associates integrated circuits with resistors, capacitors, and diodes allowing connections 
to be verified. Netlists and component lists are provided in Appendix D. Once a printed 
circuit board was completed, a Gerber file was generated. The purpose of the Gerber file 
is to direct the milling machine to drill at the required locations for component placement 


on the circuit board. Circuit layout printouts from Easytrax are provided in Appendix D. 


Zz Circuit and Schematic Labeling Schemes 


To ensure ease in locating components and to understand their function in the 
circuit, a labeling system was developed. The first symbol represents the physical 
component, for example: 

e C: capacitor, 

e A: AD215 voltage isolators (A1-A2), 

e D: diode, 

e =R: resistor, 

e S: switch (S1), 

e U:IC chip (U1-U9), 

e J: connector or BNC connection (J1-J10), 

e Q: transistor (Q1-Q3). 

The second digit represents what IC the component is associated with, for example: 

e R3: resistor associated with IC #3, 

e Cl: capacitor associated with IC #1. 

The third and fourth digit tell what pin number the component is connected to, for 
example: 


e R109: resistor associated with IC #1 pin 9, 
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e (C210: capacitor associated with IC #2 pin 10. 
If multiple components of the same type are connected to the same pin of an IC, a letter 
suffix is added. For example, R102A, R102B, and R102C are three separate resistors 
connected to IC #1 pin 2. 


Other suffixes used are listed below: 


e G: ground, 

e Q: transistor, 

e H: VCC high, 
e L: VCC low, 


e Z: identifies a jumper. 
A few final examples of circuit labeling are offered: 
e R603H: resistor associated with U6 pin 3 and VCC high, 
e J9OVS: connector J9 from voltage sensors, 
e J1CS: connector J1 from current sensors, 


e =J2FP: connector J2 from front panel. 


C. CIRCUIT DIAGRAMS AND DESCRIPTIONS 


This section documents the hardware implementation of the buck converter as 
well as the associated sensor and control circuits, and driver board. Each subsection is 
organized so that it contains a detailed schematic and description of the circuit. If further 


detail is desired, Appendix D contains the Easytrax schematics and the netlists. 

1. SSCM Buck Converter Topology 

Figures (5-1) and (5-2) illustrate the layout for the buck converter input filter, 
power section, and circuit feeds to the voltage and current sensing circuits. Components 


for the input filter and power section were discussed in Chapter III. The following 


provides the general flow for the overall system: 
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Figure 5-1, Buck Converter Voltage Sensing. 


e 500VDC input power source is applied to the range plug located on the rear 
panel of the SSCM. This is depicted as the block containing (E = 500V) in 
the schematic above. 

e In Figure (5-1), sensed voltages from the voltage divider networks are sent via 
twisted pair to JOVS (located on the main circuit board). Through this voltage 
divider network, V;,/100 and V,,;/100, via a buffering circuit, are made 
available to the control circuitry. 

e As illustrated in Figure (5-2), sensed currents are sent to the main control 
board via Hall-effect sensors located underneath and aft of the main circuit 
board. A 200Q resistor (located on the Hall-effect sensor board) provides the 
necessary scaling factor to achieve I/5 and Ipy/5, which are then made 


available to the control circuitry via the buffering circuitry. Scaled currents 
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enter the main control board through connector J1CS (illustrated in a later 


section). 
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Figure 5-2, Buck Converter Current Sensing. 


e The control circuitry processes the voltages and currents according to the 
developed control algorithm outlined in Chapter IV. 

e The generated driver signal from the control board is sent to the PWM 
circuitry. The PWM signal is sent to the IGBT driver board to gate the IGBT. 


With this general flow of events outlined, a more detailed description is presented. 
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2. Sensor Boards 


Pictured in Figures (5-3) and (5-4), the sensor circuits/boards provide isolation 
between the buck chopper power section and the control board. Sensed voltages from the 
voltage divider network on the buck converter are sent via twisted pair wires to the input 
of the wideband AD215 isolation units. Configured as unity gain buffers, the AD215s 
output the sensed voltages and send them to the buffer stage located on the main circuit 
board. 

Current sensing is achieved by the use of the CL50 mounted on its own circuit 
board underneath the main circuit board (Figure (5-4)). Instantaneous currents 
proportional to (isensea/1 000) are output by the Hall sensors. These currents are 
immediately converted to proportional voltages by 200Q resistors located on the current 
sensing board next to the CL50. The signals obtained, (isensea/5), are sent to J1CS pins 


four and five via ribbon cable. 
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Figure 5-3, Voltage-Sensing Circuit. 
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Figure 5-4, Current-Sensing Circuit. 


3. Main Circuit Board 


The main circuit board can be broken down into five subsections: 
e Power supply stage, 

e Buffer stage, 

e Main control stage, 

e Pulse width modulation stage, 

e Protection circuitry stage. 


A schematic and discussion of each of the subsections follows. 
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a. Power Supply Stage 


Illustrated in Figure (5-5), the power supply receives ~117V ac, 60Hz 
receptacle power through a 36Vct/1A step-down transformer. The thirty-six volt 


transformer output enters the main circuit board through JIOAC where the voltage is 
rectified to produce (+) 28.2Vpc (measured). The voltage is then sent into voltage 


regulators U8P (+15V) and U9N (-15V). 
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Figure 5-5, Main Circuit Board Power Supply. 


From the voltage regulators, (+) 15Vpc is distributed via busses located on the main 


circuit board. This voltage is used to power all of the integrated circuits on the main 
circuit board. Actual output values were: 

e U8P pin three positive voltage = 15.19Vpc, 

e UON pin three negative voltage = 15.20 Vpc. 
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b. Buffer Stage 


As stated previously, the scaled currents and voltages enter the main 
circuit board through J1CS and J9VS, respectively. From J1CS and JOVS (and then 
through the AD215s), the inputs are buffered utilizing a LM324 quad op-amp (labeled 
U2) as illustrated in Figure (5-6). Each buffer stage input contains an RC lowpass filter 
designed to remove high-frequency components from the measured voltages and 
currents. Using Equation (5-1), the cutoff frequency for each filter is set at 20.095kHz 
(near the switching frequency of the IGBT). The frequency was initially set at 1.8kHz; 
however, during testing it was found not to be required since the input to the PWM chip 


possesses a 1.8kHz filter. The LM324 outputs are fed to the main control stage. 
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Figure 5-6, Buffer Stage. 
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c. Main Control Stage 


The main control stage is where Equation (4-1) is implemented. The 
output of this stage is the duty cycle, d(t), scaled by a factor of ten. The main control 
stage was described in detail in Chapter IV and is illustrated in Figure (5-7). In addition 
to the buffer stage inputs, the signal representing the desired output voltage, -V,.¢/100, is 


fed into the main control stage from the protection and startup circuitry stage. 
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Figure 5-7, Main Control Stage. 


The control algorithm is performed using an LF347 quad op-amp. The 
first three op-amps in the package form the proportional voltage (UIB), integral voltage 
(UIC), and current response terms (UIA). Note that a limited integrator has been used to 
generate the integral voltage term. This configuration prevents integrator windup as 
previously defined in Chapter IV. Without the limiting zener diodes in place, Cjo7 is free 
to charge up during extended transients to values well outside the range in which its 


voltage affects duty cycle. As a result, the voltage on C107 locks out the remaining terms 
70 


in the duty cycle control algorithm. This lockout persists until Cj97 comes back within its 
operating range. The final op-amp, U1D, is used to scale and sum the outputs of the first 
three op-amps. The output of the main control stage feeds the user select switch, SW1 
(eight position dip switch), located on top of the main circuit board. When this switch is 
positioned with one and two in the "on" position, the signal is fed to the pulse width 
modulation stage. In Figure (5-8), the user select switch is illustrated. The schematic 
details all SW1 switch positions. The closed position in the schematic is equivalent to 
"on" in the table. The user select switch allows the operator to either utilize the controller 
inside the SSCM or to simply use an externally generated duty cycle. In the latter case, 
SW1-2,3 (switch 1, position 2 and 3 "on") would be placed in the "on" position and the 
BNC labeled J4DR would be interfaced with the desired external duty cycle signal. 
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Figure 5-8, User Select Switch. 
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d. Pulse Width Modulation Stage 


Illustrated in Figure (5-9) is the pulse width modulation (PWM) stage. 
The PWM stage is comprised of the UC3637 chip. When the user select switch is 
positioned so that one and two are in the "on" position, the duty cycle from the main 
control stage is received. The function of this stage is to produce a 20 kHz PWM signal 
(O-15V) to feed the IGBT driver board that in turn gates the IGBT as per the 
specifications dictated by ESAC. Frequency was determined by calculating the required 
values of R313 and C302 as described in the UC3637 data sheets. Chapter III detailed the 
process. The actual measured frequency is 20.38kHz. 

R31; and C31; were selected to provide approximately one-decade 
frequency separation between the input signal and the IGBT switching frequency (feutorr= 
1.88kHz). D3); functioned to limit the input to ten volts. The duty cycle represents a 
signal between zero and 100 percent or equivalently zero to ten volts. For example, eight 
volts equals 80 percent duty cycle. D3,; therefore functions to maintain the duty cycle 
below 100% (=95%). This wanted limitation avoids the possibility of a narrow pulse 
near 100% duty cycle, which in turn prevents the IGBT from turning on. R313 and C313 
are part of the protection circuitry and will be described in the next section. D309 sets the 
upper threshold voltage at 10V as described in Chapter III (Equations (3-14) and (3-15)). 
Detailed specification sheets for the UC3637 are located in Appendix A. 
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Figure 5-9, Pulse Width Modulation Stage. 


e. Protection Circuitry Stage 


The analog controller provides the buck chopper with two forms of 
protection. The first is the pulse-by-pulse current limiting feature of the UC3637 chip. 
This simple circuit protects the Semikron IGBT from exceeding its 100A current rating. 
Referring to Figure (5-9), pins 12 and 13 comprise this circuit. The voltage signal from 
the current sensor board, i,/5, is applied to pin 12. If a fault occurs at the output of the 
dc-dc converter, i;/5 will increase. The voltage at pin 13 is fixed by the voltage divider 
network consisting of the piggyback resistors R3;3 and R3;3qG and the +15.19V (measured) 
power supply. If its peak exceeds the voltage divider network, which is set at 7.8V (8V 
due to a 200mV built-in IC offset, see spec sheet in Appendix (A)), the IGBT driver 


signal coming from U3 pin four will go low. The PWM chip will evaluate the current at 
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the switching frequency. The IGBT will remain open until the peak inductor current falls 
below this overload threshold value. 

The second protection circuit is over-current time-out. Part of this circuit 
is illustrated in Figure (5-10); the circuit in its entirety is shown in Figure (5-11). This 
circuit protects components from thermal damage when the output current exceeds 
= 100% rated (20A) and is set to time-out in 300msec at =~ 125% rated current (25A). A 


description of the circuit operation and design is presented next. 
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Figure 5-10, Over-Current Time-Out Timing Circuit. 
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the actual negative supply voltage of -15.2V) or (ig > 20.52A). Thus R3164 and R316 
establish the set point for the beginning of integrator operation. Once i, exceeds 20.52A 
(found to be 21.82A experimentally), C317 begins to charge linearly based on a constant 


overload current. 
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The comparator circuit consisting of U7, R704, and R702 establishes the trip 
voltage of the integrator at -10.133V (using the actual negative supply voltage of -15.2V). 


If a constant 125% overload current is assumed, then the time to trip the circuit may be 


determined as follows. Given that I= co where C = 1uF, AV = 10.133V, and I= 


(25A-20.52A)/(5*27kQ) = 331.185uA (using I, = 25A), At = 305msec. Note, this can be 
placed in one equation and solved using Equation (5-2) where Vou refers to the output of 


U3. 


1 I 
; =-| oF Gy 5) iy G0). 62) 
- Corer ° R316 40317 = 


Choosing to solve for the time, all values from Figure (5-10) are directly substituted into 
Equation (5-2) and the expression is integrated from 0 to t. The initial value of Vou;(t) is 
zero and the final value is -10.133V. After substitution, Equation (5-2) reduces to 
Equation (5-3). 


—10.133V =—-185.185t+152t (5-3) 


Solving for the trip time yields t= 305msec. A similar analysis can be performed for 


additional values of continuous overload current. Results are summarized in Table (5-1). 




















I, At 
21A 2.851 sec 
22A 0.924 sec 
23A 0.552 sec 
24A 0.393 sec 
30A 0.144 sec 














Table 5-1, Theoretical Over-load Circuit Trip Times. 
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As just described, the op-amp in U3 (pins 15-17) was designed such that 
1/5 = 5V causes pin 17 to reach -10.133V in approximately 300msec. This voltage trips 
comparator U7 high and causes USB (latch) and USD (fault summer, see Figure (5-11)) 
to go high. This signal is sent directly to U3 pin 14 initiating a shutdown at pin 14. This 
shutdown signal immediately disables the driver signal at pin 4 of U3, stopping buck 
chopper operation. 

The startup circuitry depicted in Figure (5-11) allows the duty cycle to 
ramp up to its steady-state value from zero initial conditions. When the controller is 
initially energized, USA goes high due to a +15V pulse generated by the RC circuit at pin 
1 of OR gate USA (RC circuit is made up of Cso; and R50). As a result, USD goes high 
turning on Q1 (and disables the PWM chip). With Q1 "on", capacitor C¢o3 is effectively 
"shorted" making pin 3 of U6A =OV preventing a reference signal from being generated. 
This action prevents a high duty cycle waveform from being generated during start-up, 
which, could result in large current and voltage oscillations possibly damaging the 
converter. By resetting the over temperature push button on the front panel, Q1 is turned 
"off" and the reference voltage is allowed to "ramp-up". Reference voltage is controlled 
from the front panel by adjusting the potentiometer and monitoring the front panel digital 
meter. The reference voltage ramps up to its final set point through the action of the RC 
time constant set by R¢o3 and C¢o3 (t = 1 sec). USC was not utilized in the design and 
was therefore grounded to prevent possible interference. 

Over-temperature control was achieved by the use of a thermistor switch 
(see Appendix C), which is located directly above the IGBT (on the same heat sink). 
When the temperature exceeds 157 degrees Fahrenheit (70°C), the thermal switch pulls 
pin 1 of USA high through J1CS-1. This causes a shutdown and lights the TEMP LED 
on the front panel to warn the operator. Note, once the temperature has decreased below 
157 degrees, the user must reset the LED by depressing the over temperature pushbutton 
on the front panel (see Figure (2-2), front panel). Thermistor selection was based on the 
upper temperature parameter of the IGBT (85°C). 

Both over-current time-out and thermal overload can be reset using the 


front panel. However, if the protection circuitry in the "smart" IGBT driver board is 
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activated due to a fault condition, all input power must be removed from the converter 
and the control power must be cycled off and on to reset the card (no LED indication for 
this fault). This condition was inadvertently tested at full voltage by mistakenly 
switching from a 25% load condition to a short-circuit load during transient testing. The 


converter survived the ordeal, but the external transient load switch was destroyed. 
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Figure 5-11, Protection and Startup C 
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4. IGBT Driver Board 


As previously discussed, the IGBT driver board utilized in this design was 
Commercial-Off-The-Shelf (COTS) Technology from SEMIKRON. Detailed schematics 
and circuit operation are described in Appendix A. The only modification to the driver 
board was to bridge the solder gap (J2). When only one IGBT is to be gated, this is a 
recommended procedure. 

The output of U3-4, the gating signal, goes through fast recovery diode 
D304 directly to the IGBT driver card through J3DR-2 (see Figures (5-9) and (5-13)). D304 
functions to pass only the positive portion of the signal leaving U3-4. This signal is fed 
to the 14-pin connector pin 2 on the IGBT driver board. The output of the driver board 


exits the 5-pin connector at pin five which connects directly to the gate of the IGBT. 


5. Miscellaneous Schematics 


Figures (5-12) through (5-15) illustrate the wiring for all connectors utilized in the 
design process. Figure (5-12) pictures the BNC connectors located on top of the main 
circuit board. These BNC connections were provided for operator convenience. Each 
main circuit card BNC is connected directly to the front panel of the SSCM in order to 
allow monitoring of system variables, see Figure (2-2). 

In the four schematics that follow, circuit interfaces are written next to the 
applicable pin number on the BNC or the fourteen-pin connector. If connector pins are 
not used, the schematic will contain a note to indicate which pins. The only connector 
schematics absent in this section are the pin layouts for the IGBT driver board. Detailed 


schematics for the IGBT driver board and all its connectors are offered in Appendix A. 
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(U2-1,2, R102A) (U2-6,7) (R109, R316B, U2-13,14) 
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Figure 5-12, BNC Connectors on Main Circuit Board. 
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+15¥ RJ303 (14 pin connector pin 2 
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(To IGBT driver Board) 
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(To IGBT driver Board} 
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Driver Board Connector 





Figure 5-13, J3DR 14-Pin Connector on Main Circuit Board. 
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J1CS FEMALE 


Notes: 
1) Colors next to pins signify 
wire color used 


2) J1CS located on main circuit 
card 


3) All brown ground connections 
feed the current sensor boards 





(From Current Sensing Boards) 
(To R210 Buffer Circuit) 


(From Current Sensing Boards) 
(To R212 Buffer Circuit) 






© (+15V to Current Sensor Boards) 


(U5-1, C501, R501 Temp Sensing Ckt) 








Figure 5-14, J1CS 14-Pin Connector on Main Circuit Board. 
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1) Pins 8 and 15 feed over current 
Pin 2 FP Potentiometer timeout pushbutton on front panel 


2) Pins 6 and 7 feed overtemp reset 
pushbutton on front panel 
(R603H) 


Pin 3 FP Potentiometer 3) Colors next to pins signify wire 


color used 


4) J2FP located on main circuit card 











Figure 5-15, J2FP 14-Pin Connector on Main Circuit Board 
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D. PHYSICAL COMPONENT LAYOUT 


The purpose of this section is to provide pictures of the SSCM during the 
assembly stages. Figure (5-16) depicts the assembled front and rear panels that were 
illustrated in Figures (2-2) and (2-4). The 3A fuse is for protection of the 115Vac input 
line while the 30A fuse protects the dc input line. 








7 Fie 


fh 6) 69 GD €d 








Figure 5-16, SSCM Front and Rear Panel. 
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In Figure (5-17), the placement of the heat sink, input filter, and power section is 
illustrated. To ensure maximum airflow across the heat sink fins, two fans were placed in 
the enclosure. The left-most fan pushes air into the unit while the right-most fan 
functions to force air across the fins and out the rear of the heat sink and unit. The high 
heat generating components were placed on or near the heat sink (IGBT attached to the 
heat sink side, power section inductor placed in front of heat sink). The input filter 
inductor produces minimal heat therefore its placement was not critical. An aluminum 
central support was installed to enhance ruggedness and provide support for the input and 


output capacitors and for the mounting of the current sensor boards. 





VO Plug Rear Panel 


Filter 
Inductor 
Circuit 
Board 1 Mounts 





Front Panel ON/OFF Switch 











Figure 5-17, Heat Sink, Input Filter and Power Section Placement. 
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In Figure (5-18), the damping circuit is added to the input filter, the IGBT is 
installed onto the heat sink, the current sensor board platform is installed, and the 
platform brackets for the main circuit board are attached to the side of the cabinet. The 
IGBT has additional components attached to it (MOV and 2.2uF high frequency 
capacitors depicted in Figure (5-2)). Also illustrated, angled aluminum was placed along 


the perimeter of the SSCM to provide ruggedness and durability. 





IGBT Install 


/= (DD 





Current Sensor Board Platform 











Figure 5-18, Input Filter Dampening Circuit and IGBT Install. 


84 


Figure (5-19) depicts the installation of the 115V/30V transformer, thermistor 
switch, and current sensor circuits. The wiring for the transformer and current sensors 
are labeled. Also pictured, the power section inductor is wired through the current sensor 
to the IGBT. Care was taken to ensure the wire was placed in the center of the current 
sensor aperture. The twisted pair wires from the current sensor boards feed JICS (see 
Figure (5-2)). The thermistor wire also feeds J1CS pin | as seen in Figure (5-11). The 


transformer wiring is fed through the bottom of the main circuit board into JIOAC. 





Transformer Connections to JIOAC 
Transformer Install Current Sensor Install 


‘ Current Sensor 
To IGBT Driver © Board Wires to 
Board 5 Pin JICS 
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——* 
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— 
— 
—— 
~~ 
—S 
> 
= 
— 


Connector 














Figure 5-19, Transformer, Current Sensors, and Thermistor Install. 
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Figure (5-20) illustrates the installation of the digital meters, LEDs, and 
temperature and current reset pushbuttons. The 115V wiring comes in from the rear 
panel and connects to the on/off switch on the front panel. From the switch, 115V is 
routed to the transformer. In the upper right corner of Figure (5-20), elbows are attached 
to the BNC connectors to re-route the control signals (d(t), 11/5, 10/5, Vin/100, and 
Vour/ 100) to provide sufficient clearance for the main circuit board install. The BNC 
signal wires are routed underneath the main control board and connected to the main 
control board at connectors J4 through J8 as illustrated in Figure (5-12). The 1kQ 
potentiometer functions to adjust the duty cycle from the front panel and is seen in the 
center of Figure (5-20). Also pictured, angled aluminum support is installed at the 


bottom of the SSCM to provide durability. 





Pushbutton Resets lkilo-ohm Potentiomete1 





Meier Wires 
to 5¥ KEPCO 
Power Supply 

115V in 

from Rear 

Panel 











Figure 5-20, Meter, LED, and Pushbutton Install. 
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Figure (5-21) pictures the installation of the main circuit board and the IGBT 
driver board. The other end of the elbow BNC connectors from Figure (5-20) are routed 
underneath the main control board and connected to the top of the main circuit board as 
seen in Figure (5-21). This photo displays all connections to the main circuit board and 
IGBT driver board. The main circuit board houses the buffer stage, control stage, PWM 
stage, user select switch, voltage divider network, and protection and start-up circuitry. 
All connectors and circuits have been discussed and their detailed schematics provided in 
Chapter V. Table (5-1) summarizes of the connectors and circuits in the SSCM and 


provides the applicable figure number(s). 





IGBT Driver 
Board 5-Pin 
Connector 


IGBT Driver 
Board 5-Pin 
Connector 














Figure 5-21, Main Circuit and IGBT Driver Board Install. 
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Connector/s or Circuit Figure Number(s) 
JCS 5-2, 5-4, 5-6, 5-11, 5-14 
JOVS 5-1, 5-3, 
J2FP 5-10, 5-11, 5-15 
J4-J8 5-6, 5-12 
J3DR 5-8, 5-11, 5-13 
JIOAC 5-5 
Voltage Sensing Circuit 5-1, 5-3 
Current Sensing Circuit 5-2, 5-4 
Main Circuit Board Power Supply 5-5 
Buffer Stage 5-6 
Main Control Stage 5-7 
User Select Switch 5-8 
PWM Stage 5-9 
Protection and Start-up Circuitry 5-10, 5-11 





Table 5-1, Summary of SSCM Figures. 


E. SUMMARY 


The purpose of this chapter was to compile and document the detailed schematics 
of the final product. Many schematics were contained in Chapters I-IV, but their 
purpose was mainly illustrative. Although correct, previous chapter schematics did not 
contain all of the detail required to duplicate the SSCM fabrication at a future date. In 
Chapter VI, detailed testing is documented to validate the SSCM operation. 
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VI. TESTING AND VALIDATION 


A. PURPOSE 


The purpose of this chapter is document all test results conducted on the SSCM. 
All testing was accomplished at NPS with available lab equipment. 


B. BACKGROUND 


Prior to final assembly, each of the following circuits were bread-boarded and 
tested: 

e Control circuit, 

e PWM circuit, 

e Protection and start-up circuitry. 

The control circuit, discussed in Chapter IV, was simulated using the hardware- 
in-the-loop capabilities of the (SPACE 1103 development system [24]. To test the 
control circuit, an average-value model of the converter was simulated in SIMULINK 
and the bread-boarded control circuit was interfaced with the SPACE controller board. 
In dSPACE, Rioaa was placed on a slider (load was varied between 20Q and 200Q) and 
1/5, ir/5, and Vou/100 were outputted from dSPACE to the control board. Vin/100 was 
simulated using a power supply set to 4V (simulated 400V reference). Duty cycle was 
generated by the control board and fed back to dSPACE for display (see Appendix A). 
Rioaa Was varied throughout its entire range to verify that the control board maintained a 
stable 0.8 duty cycle. 

To test the PWM circuit, a power supply (supplying 8V to simulate a 0.8 duty 
cycle) was connected to the input of the PWM chip (U3 pin 11). The PWM breadboard 
circuitry produced = 20.4kHz signal at pin 4 of U3, well within design specifications. 
Detailed procedures on dSPACE operation are offered in Appendix E. Once each sub- 


circuit was validated for its particular function, final assembly took place. 
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C. TESTING 


The following tests were performed on the SSCM: 

e Full load (=20Q), 

e Minimum loading (=200Q), 

e Continuous mode, 

e Discontinuous mode, 

e Transient response, 

e Efficiency. 

As previously mentioned, all test equipment was available in the NPS Power 
Systems lab. Table (6-1) lists all equipment utilized in the testing phase and Figure (6-1) 


illustrates the test circuit set up in the lab. 
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Equipment Parameters Manufacturer Part or Model 
Number 

Variac 3-phase/35A/60Hz Staco Energy 6020-3 Y 

480V input/0-560Voutput | Products 
Power Diode 50A INVERPower P101 DM 
Rectifier controls LTD 
2-Filter Capacitors 10,000 MFD INVERPower P106 FC 

350 WVDC controls LTD 
Resistor Load 3kW-115V INVERPower P108-RL 
(3 banks) controls LTD 
Voltage Source 3-phase INVERPower P108-RL 
Inverter (used in controls LTD 
transient analysis) 
2-non-Inductive 0.0010127Q/20W INVERPower P109-NIS 
Shunts 0.0010123Q/20W controls LTD S/N P109-023 
6-Pulse Amplifier +24V/-15V INVERPower L100 AM 
(used in transient controls LTD 
analysis) 
Fluke Meters 8060A Multimeter Fluke 8060A 
Oscilloscope 60MHz Tektronix 2212 














Table 6-1, Required Test Equipment. 
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360Hz Filter Capacitors 10mF each 


Power Source 
0-530Vde 


Variac Sk 












115¥ Control Power 










1milli-ohm 


Amilli-ohm 


Base Load ~195.2 ohm at 
~10% load at 400V 
(20.2 ohm<Rload<195.20hm) 


10% load (open) 100% load (closed) 







Additional Load 
22.5 ohm 
~90% Load at 400V 
















Figure 6-1, Test Circuit. 


1. Full-Load Testing 


Full-load testing was performed and the data recorded is presented in Table (6-2). 
The purpose of this test was to assure that the SSCM performed as designed at 
approximately full power for different commanded output voltages. The circuit at the 
bottom right of Figure (6-1) provides Ry ~20.2Q (switch closed). Prior to testing, the 
load banks measured at 195.2 and 22.5Q, respectively, giving a total parallel 
combination of 20.2Q. 

The variac in Figure (6-1) was slowly raised from OV to 500V. Slight adjustment 
of the variac was required as Vout was incrementally increased from = 100V up to=425V 
by adjusting the duty cycle (front panel potentiometer). All testing commenced at 
Vou=lO0OV and E=500V. Table (6-2) lists all values recorded and the measured 
efficiency at each voltage level. Observed efficiencies were as expected in that the 


IGBT was expected to dissipate = 100W at full power. Switching losses in the IGBT and 
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conduction losses accounted for the efficiencies being less than ideal (100%). Power loss 
observed in the full-load testing phase is listed in Table (6-3). No significant heat 
(=95°F) was generated in the power section inductor or the heat sink (was able to place 
hand on heat sink for the length of testing). Voltages were measured across the IGBT 
collector-emitter (Vcg) and currents were measured through the inductor (IL). Five 
oscilloscope printouts were obtained at maximum loading (= 19.7 Q measured) and are 
labeled Figures (6-2 through 6-6). As indicated by the measured output voltage and 
current recorded in Table (6-2), the effective output load resistance ranged from 19.78Q 
to 19.63Q. 

In Figures (6-2) through (6-4), the inductor is in the continuous conduction mode 
of operation (the inductor current I, does not go to zero) and all waveforms are as 
expected. In Figures (6-5) and (6-6), at higher output power the charging and discharging 
of the inductor current is no longer linear. This is an expected condition. As current is 
increased through the inductor, the effective permeability decreases in a nonlinear fashion 
as seen in the B-H curve in Appendix A. From initial core design efforts, the expected 
worst decay in inductance from no-load to full-load is =50% reducing the 1mH inductor 
to ~500uUH. Using Figure (6.2) (=25% load) and Figure (6.5) (= 100% load), an 
estimate of the reduction in inductance can be made using Equation (6-1) with Vo = Vout, 


E= Vin, D = 0.8, T = 50usec, and AI pulled from the respective figures. 
L= ora ) DT (6-1) 
Al 


At 25% load Al, = 4.3A and at 100% load AI, = 9A which corresponds to 930UH 
and 440uH, respectively. Considering the no-load case is 1mH, the degradation in 
inductance is 7% at 25% load and 56% at 100% load. Thus, the theoretical analysis from 


Chapter III section B1 appears confirmed. 
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Figure Vin Vout lin | Pin Pout Efficiency 
Number | _ Volts Volts Amps Amps Watts Watts Percent 














6-2 500.3 100.5 1.13 5.08 565.3 510.5 90.3 
6-3 500.0 200.0 4.24 10.14 2120.0 2028.0 95.6 
6-4 500.1 300.2 9.38 15.28 4690.9 4587.1 97.8 
6-5 500.2 400.3 16.52 20.39 8263.3 | 8162.12 98.7 








6-6 528.2 425.0 17.62 21.65 9306.9 | 9201.25 98.9 


























Table 6-2, Full Load at 19.7 ohms (100% Load). 























Figure Pin Pout Power Loss 
Number Watts Watts Watts 
6-2 565.3 510.5 54.8 
6-3 2120.0 2028.0 92.0 
6-4 4690.9 4587.1 103.8 
6-5 8263.3 8162.12 101.2 
6-6 9306.9 9201.25 105.6 














Table 6-3, Power Loss in Converter. 
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Figure 6-2, Voltage across the IGBT (Vcr) and Current through the Inductor (I,) 
for one Switching Cycle with V;, = 500.3V, Vour= 100.5V and Ryoaa= 19.780 
(measured at 20.2Q with zero current). 
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Figure 6-3, Voltage across the IGBT (Vcr) and Current through the Inductor (I,) 
for one Switching Cycle with V;, = 500.0V, Vou = 200.0V and Ryoaa= 19.720 
(measured at 20.2Q with zero current). 
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Figure 6-4, Voltage across the IGBT (Vcr) and Current through the Inductor (I,) 
for one switching cycle with Vin = 500.1V, Vour= 300.2V and Ryoaa= 19.650 
(measured at 20.2Q with zero current). 
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Figure 6-5, Voltage across the IGBT (Vcr) and Current through the Inductor (I,) 
for one Switching Cycle with Vj, = 500.2V, Vou = 400.3V and Ryoaa= 19.630 
(measured at 20.2Q with zero current). 
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Figure 6-6, Voltage across the IGBT (Vcr) and Current through the Inductor (I,) 
for one Switching Cycle with Vj, = 528.2V.4, Vour= 425V and Ryoaa= 19.630 
(measured at 20.2Q with zero current). 
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2. Minimum-Load Testing 


Minimum-load testing was performed and the data recorded is presented in Table 
(6-4). As stated in the full-load test, the variac provided the input voltage at 500V. Vout 
was increased from ~ 100V up to = 400V by adjusting the duty cycle (front panel 
potentiometer). Table (6-4) lists all values recorded and the measured efficiency at each 
voltage level. Losses in the IGBT/diode package (conduction and switching losses) and 
power consumed in the inductor accounted for most of the losses causing efficiencies to 
be less than 100%. The IGBT was the only component that produced any heat (only 
warm to the touch) all other components remained at essentially room temperature. 
Power loss observed in the testing phase is listed in Table (6-5). For plotting purposes, 
voltages were measured across the IGBT collector-emitter (Vcg) and currents were 
measured through the inductor (I,). Five oscilloscope printouts were obtained at 
minimum loading (= 193 Q ) and are labeled Figures (6-7 through 6-11). 

Because the converter was designed to operate in continuous conduction mode 
with a minimum load of Ry = 200Q at D = 0.8, much of this testing was done in the 
discontinuous mode as seen in Figures (6-7) through (6-9). Figure (6-10) depicts the 
barely continuous mode while Figure (6-11), D = 0.8, shows the converter in its designed 
minimum load condition. Figure (6-11) can be used to estimate the near no-load value of 
the main inductor at 1!mH (where AI = 4A). 

Of most interest though, is the minimally damped = 175kHz oscillation (5.7uUsec 
period) that appears in Figures (6-7) through (6-9). This "ringing" between the main 
inductor and IGBT body capacitance is not destructive and is actually most useful in 
estimating the value of the IGBT body capacitance (Ciggr ~ 826pF close to the 
specification sheet of 720pF-900pF). If a snubber had been used on the IGBT/diode, this 
ringing would have been eliminated at the cost of substantial higher converter losses. 
Since the ringing takes place only under discontinuous mode and never exceeds the IGBT 
or diode voltage or current specifications, it is simply an anomaly of the snubberless 
design. Additionally, the 1200V/100A IGBT is protected with a 1100V MOV (Metal 


Oxide Varistor). 
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Figure Vin Vout lin Tout Pin Pout Efficiency 
Number | _ Volts Volts Amps Amps Watts Watts Percent 
6-7 500.1 100.3 0.14 0.52 70.01 52.16 74.5 
6-8 501.0 200.0 0.47 1.04 235.47 208.00 88.3 
6-9 500.4 300.5 1.00 1.56 500.40 | 468.78 93.7 
6-10 500.7 376.2 1.53 1.95 766.07 733.59 95.8 
6-11 500.8 400.1 Li 2.07 861.38 828.21 96.1 
Table 6-4, Minimum Load at ~193 ohms (~10% Load). 

Figure Pin Pout Power Loss 
Number Watts Watts Watts 
6-7 70.01 52.16 17.85 
6-8 235.47 208.00 27.47 
6-9 500.40 468.78 31.62 
6-10 766.07 ie eo) 32.48 
6-11 861.38 828.21 8317 














Table 6-5, Power Loss in Converter. 
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Figure 6-7, Voltage across the IGBT (Vcr) and Current through the Inductor (I,) 
for one Switching Cycle with Vj, = 500.1V, Vour= 100.3V and Ryoaa = 192.80. 
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Figure 6-8, Voltage across the IGBT (Vcr) and Current through the Inductor (I,) 
for one Switching Cycle with Vin = 501.0V, Vou = 200.0V and Ryoaa = 192.8Q. 
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Figure 6-9, Voltage across the IGBT (Vcr) and Current through the Inductor (I,) 
for one Switching Cycle with Vi, = 500.4V, Vour= 300.5V and Ryoaa = 192.8Q. 
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Figure 6-10, Voltage across the IGBT (Vcr) and Current through the Inductor (I,) 
for one Switching Cycle with V;, = 500.7V, Vou = 376.2V and Ryoaaq ~ 192.80. 
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Figure 6-11, Voltage across the IGBT (Vcg) and Current through the Inductor (I,) 
for one Switching Cycle with Vi, = 500.8V, Vour= 400.1V and Ryoaa = 192.8Q. 
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3. Transient-Analysis Testing 


The purpose of this section is to compare laboratory transient results with that of 
the SIMULINK transient results (Appendix B contains the MATLAB code and detailed 
SIMULINK model). The transient test was setup as illustrated in Figure (6-12). To 
ensure accuracy during testing, the actual loads used in the lab equaled the loads used in 


the simulation to within +0.21Q. 





360Hz Filter Capacitors 10mF each 


Power Source 
0-530Vde 


Variac Sk 





This section used for Transient Analysis 


An” 


5% Duty Cycle 







115¥ Control Power 






Ton=~7.5ms 


1milli-ohm 


4milli-ohm Switch Control 


Additional Load ~27.5 
ohm at ~100.15% rated 
current at 400V 















Base Load ~76 ohm at 
~26.65% rated current at 400V 











Figure 6-12, Transient Analysis Test Circuit. 


Before starting the transient test, the two load conditions for transient analysis 
were documented in Table (6-6). Once the test conditions were established, the load was 
switched from 76Q to 20Q to 76Q while maintaining an output voltage of ~ 400V. 
Switching the load in this manner provided a 26.65% rated current flow at 76Q and a 
100.15% rated current flow at 20.21Q. As can be observed in Figure (6-13), the output 
voltage transient is = +3V for the simulation and = +5V for the actual converter. The 


waveform shapes reasonably match except for the inductor current step to full load. The 
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much larger transient in the inductor is thought to be due to the more than 50% loss in 


inductance at full load (which is not currently incorporated in the simulation). 





Figure | Transient Vin Vout i Tut Pout Rioap 


Number Step Volts | Volts | Amps | Amps Watts 





6-13 1 528.1 | 404.9 | 4.32 D.o3 2158.12 75.96Q. 








6-13 2 472.5 | 404.9 | 17.84 | 20.03 8110.15 20.21Q 


























Table 6-6, Transient Analysis. 
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Part B Experimental Results 





Figure 6-13, Voltage across the Capacitor (Voy,) and Current through the Inductor 
(I) for Vin= 528.1V, Vour= 404.9V and 20.210 < Ryoaad <75.96Q +5%. 
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D. SUMMARY 


This chapter outlined the test results on the SSCM found in the laboratory and 
through simulation. The following tests were conducted on the SSCM in the lab to verify 
proper operation: 

® over-current time-out, 

¢ over-temperature shutdown, 

e pulse-by-pulse current limiting, 

e full-load testing (complete duty cycle range), 

e minimum-load testing (complete duty cycle range), 

e pushbutton reset operation, 

e airflow through unit and heat generated (minimal), 

e transient analysis and, 

e discontinuous operation. 

In Chapter VII, conclusions and accomplishments in the design project are addressed as 


well as possible future work in this area. 
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VIL. CONCLUSIONS 


A. SUMMARY OF FINDINGS 


This research documented the design and construction of an 8kW dc-dc converter. 


The converter will be placed into a larger testbed for a small-scale Integrated Power 


System (IPS) to be assembled by ESAC. The key areas covered in the thesis are: 


Detailed schematics, 

Detailed component parts/manufactures lists, 
MATLAB/SIMULINK detailed models, 
Documented component selection, 

Lab testing to validate design, 
Rugged/dependable/durable design, 

Easy access to unit for troubleshooting, 
Monitoring and testing capability, 

Lessons learned (throughout thesis), 
Interface capable, 


Multiple mode configurations. 


The SSCM design process began with component selection for the SSCM power 


section. Components were selected based on specifications provided by ESAC, available 


components, and theoretical calculations. Chapter III detailed the component selection 


process while Chapter [V documented the design of the closed-loop control algorithm. 


Each circuit was independently built and tested prior to final assembly. The dSPACE 


1103 controller board and development software was utilized to test the control and 


PWM circuitry and proved to be an invaluable tool for design. A standard rack mount 


cabinet was used. The SSCM was constructed to be rugged, transportable, accessible, 


and possess the required space to efficiently house all required components. Digital 


pictures of each stage of the assembly were taken and recorded in Chapter V to assist in 


the construction and layout of future SSCM designs. 
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During construction, a detailed SIMULINK model of the SSCM was developed to 


test the control system for stability and capture the transient response. Once construction 


was completed, the SSCM was tested in the lab to ensure all protection circuitry 


functioned properly and that the SSCM met or exceeded all required system 


specifications. 


B. FUTURE WORK 


With DCZEDS offering enhanced survivability and improved automation, 


continued research in dc-dc converters is vital for the future of naval ship electrical 


systems. Many issues still must to be addressed in this design area. Possible areas for 


future research include: 


Electrical shielding of the SSCM to prevent switching noise interference, 
Soft-switching units to increase SSCM efficiency, 

The construction of a reduced-scale IPS at NPS to facilitate additional student 
thesis projects, 

Further and much more detailed use of SPACE as a design tool, 
Construction of many SSCMs at different frequencies and power levels to 


compare efficiencies. 


With IPS selected for DD-21, it is vital for research to continue in this area. DC- 


DC converters are an integral part of any DC distribution system and the Navy must 


continue with research in this area to ensure successful and reliable systems are delivered 


to the fleet. 
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APPENDIX A. DATA SHEETS 


SEMIKRON RECTIFIER SKM 100 GB 124D IGBT 


Too! 155 
300 | 20 
i) 

Bit] 

mi) _ + 1 (12) 
2 5 
‘Cass F 
SOL eh 


fy = 10 ery ain. T, = 160 5 
eo | Be 


Vou = Vow, be = 2 mA 
Veg = Te 25°C 
Mow © Wie JT, 2 125°C 


Woo = 20 W, Weg =O 

i = FSA na 7 150 2,124) 
= 100A | T, = 25 (125) 5S 2,5/3,05 
Veg 20 ¥, ThA 

per Melt T 


Wo = 0 
hes =25¥ 


fe dT MHE 


Wo = BM 
Woe 7 1B Ws HI 
lp = FSA, ine howd 
Flies & Flo TOLD 
T= 125°C 


ThA ee OV: 2.004.8) 
1 ALT, = 280128) 2.2027,05) 
Ty = 126 3S 14 
T, = 126% 
be TSA T= 125°C" 
kT AT = 127 
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SEMITRANS® M 
Low Logs IGBT Modules 


SKM 100 GB i240 


SEMITRANES 2 


Pestures 

a OOS inp beatae coevinelied) 
A channad, homoguneous Silicon 
structure (MPT: Aom punch- 
through IGBT) 
Lore toes high chersaty chip 
Lin fall cunnent 
High shart circu! capability, 
Ball Lirmatineg 10 8 Vpn 
Larhch-up free 
Fast & soft inverse CAL diodes © 
lEped copper baseplate using 
BCH Direct Copper Bonding 
Taecheologs without hard mould 
Lange claaramoe (10 mm) and 
creapage diganses (20 mm) 


Typical Applications: 
+ Be-1241 
» Sediching (rat for Grar wee) 





Tee = 25 rte Sea 
aoa fed 
7 ip = le Wig a Ee I, 
afta © BM) Ale, Weg = OY 
* Use Vous 2 6 =e 
BS See @g. 245; Aig 7 20 oh 
"CAL * Gorrolied Axial Lifetine 
Technaiagy 


Cases and mech. data 
+B 6-122 





SKM 100 GB 124D 


7) = 125 'C 
View = 600 V 
Veg = 4 18 


Fig. 6 Safe operating anaa at short ciroull i; =f (vce) 
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“a 


“ 


Fig. 9 Typ. output characterigtie, (, = 80 ps: 25 °C 


Poona = Voces * lei 
Vewang = Veecraytp * feerp * lem 
VeerayTg S 1,3 + O06 (7, 28) [Vv] 


typ: rcepp = OO107 + 0,000033 (T, 25) [£2] 
max: togery = 00153 + 0000047 (T) <25) ft] 


valid for Voge @* 1579 [Wile 0.3 leno 


Fig. 17 Saturation charactersstc (SBT) 
Calculation elements and equations. 
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Fig. 10 Typ. output characteristic, §, = 0 pa: 125 °C 


ttt ty 

ttt ty 

RS RRR ee 
Ltt tt 


1] 
o 2 4« 8 © @ FB 4 
Wor ¥ 


Fig. 12 Typ. tranater characteristic, t= BO ys! Vpc = 20 V 
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Fig. 18 Diode turme-off energy dissigation per pulse 
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_—— _—} 
| ee |__| 


Fig. 22 Typ. CAL diode peak reverse recovery 
current laq = Fike; Fo} 


Typical Applications 
include 

Switched mode power supplies 

OC servo and robot driven 

Inverters 

OC choppers 

AC motor speed ooninol 

UPS Wninteruplable power supplies 
General piwer ewilching sopications 
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on 861i bon at 
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Fig. 20 Transient thermal impedance of 
inverse CAL diodos 





Fig. 23 Tyo. CAL diode peak reverse recovery 
currestt bes = Fite) 


Veo = 600 ¥ 
J = 125 "°C 
Voie =4 15 


Z 
Or ee 


pti tt tf 7 7 tT 7 


Fig. 24 Tyo. CAL diode recovered charge 





SKM 100 GB 124 D 


SEMITRANS 2 


(Case D 61 
LAL Recognized 
File mo. E63 552 


SKM 100 GB 1240 





ole: 6 


Dimensions in mm 


‘(Case outline and circuit diagram 














Mechanical Data | I oy 
Symbol |Conditions Please observe the international 
fh, J standard IEC T47-1, Chapter Ix, 
to heatsink, 5) Links =] Eight devices are supplied in one 
ie heatsink US Unite i SEMIBOX A without mounting hard- 
for terminals, 3! Units J ware, which can be onterad sapar- 
for berrninaks, LIS Unite it.) taty under ident No. 33327100 (for 
satis 10 SEMITRANS 2) 
Larger packing unite of 20 or 42 pie 
ces are used if suitable 
Accessoras —) 66-4 
SEMIBOX + C= 1. 
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B. SEMIKRON IGBT DRIVER BOARD 


Absolute Maximum Ratings (Ta=25 °C} 
Supply vollage primary 
Inputsignal voltage (HIGH) 

(hor 15 V are 5 ¥ input level) 
‘Output pees Gurren 

‘Output average currant [mao | 
‘Collector-emitier vokage sere 
Rate of fee and fall of volkage 
(secondary to primary side) 
lsclalion lee voll. IN-OUT (1iran.) 
minimal Fizz 

minimal Figo 

hange per pulse 

‘Operahiry) bomperabuire 


min typ max 
Supply voltage primary 144 150 154 
Supply curment imax.) oa" 
Supply current primary side (ime keel) 
Input threshold voltage (HIGH) for 
15 V input bevel 
for 5 V input bevel 
Input irreshoig vollage (LOW for 
15 'V input bevel 
for 5 'V inpaut baeegd 
Tumson output gabe voltage 
Turon culpul gabe village 
Maaimum operating naquercy 
Input-oubput qunn=on propagation fire 
Inpul=oubout turn=of propagation Ginn 
Eror input up propagedion Gene 
Reference voltage for Vice 
monitoring 526,37 
Input resistance 10 
intemal gate resisbor for OM signal 22% 
intemal gate resistor ior OFF signal az* 
Primary to secondary cagacitanoe 1z 


This curren vale 1 6 function of ihe oul pul load condition 

Typical value 

This walue do68 not Consider tow of IGT and ber acjusied by Rice and Cce 
Hatched to be used with IGBTs = 100 A; for higher cures, gee table 2 
Wn Fise = 16 KO, Gee = 390 pF: aoe fig, 6 (RH 10; for RSBT up to 1200 Vi) 
WHh Rice = 36 hf), Cpe = 470 pF. (SH 17; for PBT up io 1700 Vv] 


SEMIDRIVER® 


High Power IGBT Driver 
SKHI 10°) — 
SKHI 10/17 ©! 


Features: 
Single driver circuit for high 
panvar IGETs. 
SKHI 10 drives al SEMIKAON 
IGBTS wiih Vers up we 1200 ¥ 
(factory adjustment of Wiocs-mce 
niborring for 1200 -1GET) 
SKM 117? drives all SEM 
KPOON IGBTs with Woe up fo 
1700 Vo (factory adjustment of 
Vee-meonitoring for 1700 v- 
iBT) 
CMGS/TTL (HEMOS) 
compatibie input buffers 
Short circul proiection by Vice 


leolation due to ransformerns ino 
gto Gophers) 

Supply undervottage monitoring 
tt 13 Vi} 

Error memory | qutput signal 
(LOWY or HIGH bogie) 

internal isolated power suppby 


Typical Applications. 

« High frequency SMP 
+ Braking choppers 

» Jayrnimeirical bridges 
* High power UPS 
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Fig.1 3 The numbers nefer to the description on page 4, section B. 


i124 


Od 
U ERPOR blogic 
qf 
Input Lewel 


Input connector = 14 pin flat cable according to DIN 41651 . 
Output connector = MOLEX 41791 Series (mates with 41695 comp jerminal housing and crimp tenninals 7258) 


Fig.2 Dimensions (in mm) and connections of the SKHI 10 


Biad-4 Daoh by SEMIKRON 
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SEMIDRIVER® SKHI 10 
SEMIDRIVER” SKHI 10/17 
High Power Single GBT Oriver 


General 


The at [single (GST driver, SKAIO respectively 
SKHI 10007 is a standard driver for all power hGSTs on the 
Market 


The high power output capability was designed to switch 
high cunent modules or sewaral paraligied HGBTs even for 
high frequency applicalions. The ouigul buller has bean 
improved to maiog it possibile to switch up to 4004 GET 
medules al Frequencies up to SIKH. 

Anew Tuerction hae been added bo tee ehorl cirtuil prokecti- 
an cirauibry (Soft Tum Off}, this automatically incraases thea 
'GET turn off time and hence reduces the OC yollage 
pit oleg “4 spikes, enabling the use of higher DC-hus 
wolages, This means an increas lin te fine! oalput power, 
An inkegrated DC/OC converter eaih high gahranic isolation 
i4 KV) ensures that the user is protected from the high 
wollaga (secondary side). 

The power supplies for the driwer mary be Lhe scarret as vet 
in the comin! board (ei Sy) without fe requirement of 
Botetion. All information that is transmitted between input 
and output uses ferrite tainsforners, resulting im igh chidt 
len iraunity (Fae), 

The driver input stage is connected dinecthy to the control 
board oulput ard die to difeeent conto! board operating 
wollages the SKHI10's input ciecuil includes 2 user vollage 
lowed selector (+18 or +5". 


In the following only the designation SHI 10 is used. This. 
@ val for bolh driver versions. If something & to be 
explained special to SEH 10/17 ft will be Gescriped by 
marking SKHI WF, 


A. Features and Configuration of the Driver 

A. shorn description is given below. For detailed information, 

please refer to section 6. 

a) The SEHD has an INPUT LEVEL SELECTOR eircuil 
which is adusbed by J for bwo different bevels. It is 
present for CMOS (15¥) kel, but can be changed by 
fhe user ie HOMOS (5) level by acider bridging the 
pads marked 1 together. For long input cables, we do 
AO Pere” he 5 ewe! due bo possible dishurbar- 
cag enitied by ihe power sicke. 


The ERROR MEMORY blocks ihe transmission of all 
fum-on signals to the M7 @ either a shor circuit or 
maifunction of V's is detected, and sends a signal io the 
axiemal coninol board through an open anllechor bramsi- 
shor. 


|} With a FERRITE TRANSFORMER the information be- 
haweani primary and secondary may flow in both direct 
one and high levee of dvd and isolation are obtained. 


A high frequency DCIDOC CONVERTER awoids the 
requirement of wcermal aokled power supohes io ob 
tain the macessery gale voltage. An tsolabed ferrite 
fransformer in half-bridge configuration supplies. the 
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RenessarY pover bo the gabe of the GET. vWwith bhis 
feature, we can use the same power supply usterd in the 
itothemal control aircuil, even if we are wing more than 
one SRHIND, 2.9. in H+beidige configurations. 


| Short circuit protection i provided by maasuring ihe 
collecioremitter voltage with a Voc MONITORING 
ee eee ee 
Phi A nae ote by RiogCce) and decreases the 
speed (adjusbed fy AlyesS) od the KET. SOFT 
TURN-OFF under fauk condilions & necessary as it 
Taduoes fhe vollage overshoot and alles for a faster 
tum off during moral operation, 


The QUTPLUT BUFFER 6 peeponeible for providing tne 
connect curnent bo the gate of ihe IGE. A theese signe: 
io At Nene SulTickenl perever, the WSBT wall real seibch 
propery, and addifional eases of even the deeiruction 
of the IGET may occur, According to the application 
javeiiching frequency and gate charge of the IGBT) the 
equivalent value of Reon and the Algo; must be mabched 
to the optimum value. This can be done by patting 
sciliional parallel PeSiS1OrS Rigas, Rigor with those alrea- 
dy oon the board. Hfonly one SST is to be used, (inshaad 
eee 

nected balween driver and gate by acidering the bee U2 
arpacs focal hear, 


Fig.1 shows € simpliied block diagram of the SKHI10 
tewer, Some preliminary remarks will helo fhe under: 
sharding: 


* den ps afl mre ge hae tsa ] 
6rd 10.77 LL an inpul signal (OM or OF F command bo 
the IGBTs) from fie control system is supplied in pin 2 
(Wel where HIGH=ON and LOW=CFF, 


Pin 3 (Vor) af Secondary side ip morally connected i 
the collector of fe GBT io monitor Vice, but for initial 
tests withoul conmecling the IGT & must be connected 
io pin 1 (E) to avoid ERROR signal and enable the 
oulput signals bo be measured. 


The RESET input must be connected io DV to enable 
ihe Vin signal Wo ie lei opened, te driver wil be 


To moniior fe error signal. a pull-up resishor must be 
provided betwen pin 3 (ERROR) and vi. 


B, Description of the Circuit Block Diagram (Fig. 1) 
The circuit in Fig. 1 shows the input on the left and output 
1. Input level circuit 

This circuit was designed in accept two different logic 
volhege levels. The standard level ip +151 (achory adjusbed) 
inhended! for moisy environments or when connecting 


f= 40cm) between the axtemeal contrat circu and SEHD 
are weed where noise immunity muet be considerate. For 


Bid=6 





lover _ and shan connections between coniral and 
driver, tha TTL-HCMOS level (454) can be selected by 
carefully soldering the amall areas of J together, spacially 
usedul for signals coming from pF based controllers. 


ne 
Ll 

= ee 

Fig.3 Selecting 1 for S¥ level (TTL) 


Wher connecting the SKHI10 to. control board weing short 
CcONMneciona mo special attention meeds io be taken 


(Fig. 4a). 


oe ore 


Fig4b Connecting the SKHIND with long cable 
‘Otherwise, if the length is Sem of more (eve suggest to limit 


oqnmnctes io pin 1. It is coupled to OV through a resisior 
(0 Op 


1GST in OFF state in case the Vin commection i inherited 
or lel mon connected. 


@. Input buffer 
This. clos enables and amplifies the input signal Win fo be 
banstorred to the pulse iransioemer when RESET iipin 4} is 


ee being transmimted 
to the secondary siche 


The fodiowing cwarcew ip showing the Input threshold vol- 
hages 


memory it triggered only by following events: 
«hos cout ot IGBTs 
In case of sheet circuit, the Yor monitor sands a tigger 
sonal (fault signe) fhrough the impulse transformer to a 


to tha extemal contro! circuit as ERAIOR message in HIGH 
ie (or LOW if J is ahoet-circuited). fil ge j A 
falls below 13 foe mare than 0.5me, the same FLIP-FLOP 
is set and pin 3 is activated, For HIKGH logic idelauh}. an 
external Ac must be connected preferentialy in the control 
miainibeard, Inithig way the connection between main board 
and driver ig aleo checked. 
It lowiogic version is ueed 1/3 short-circuited), an intemal 
pull-up resistor [imtemally connected to Wa) is provided, and 
thee sigeval Brey race ERE pos con ie sopra! Speirs 


Fig = Denver statue information ERAOR, and RESET 


The ERAGA signal may be disabled cither by AE- 
SET=HIGH (pind or switching the power guppy (is) of. 
The width of the Pulse ruel be more than Sis, ane 


Incas cliaruptedconnecton an ntl pul resis 
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| FAULT | Reser | ERROR” | vn | 
Ba 


1) dedawit fegie (HIGH): for LOW logic the signals are 
complomertary 


Table 1 ERAOA signal truth table 

The open-coflector inansisior (pin 3) may be connected 
through & pull-up resistor to an extemal (inhernal Vg for the 
Tow-logic” Warsion) village supply +54)... +24¥), lining the 
SUnreE fe bein: S BeTHA. 


4. Power supply (Va) moniter 


The i V5 is monitored. I it falls below 13 an 
ERROF signal generated and the turn-on pulses tor the 
1GBT's gate are bincced. 
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5, Pulse transformer 


It transmits the burn-on and tum-off signals to the iGET. In 
the newerse dinection fhe ERROR signal from the Vou 
monitoring is transmitied via the same transformer. The 
ipnlaton ip. ky, 


6, DOD converter 
In fhe primary skie of the conwerter, a half-bridge inverter 
bransiers the mece 


rEcessary energy fram VWs to the secondary 
of 8 ferrite ironstone, In the secondary side. 8 full prickge 
and fillers convert the high frequency signal from 
the primary to OC levels (+18. av) that ane stabilised by 
8 vollage regulator eircuil. 
7. Qutput: buffer 


The oulpul buffer i aupplied by the #15 a¥ from the 
DCDC converier | the operation proceeds normally (no 
fault, the on- and off-signal is trarsmitted to the gate of an 
GBT through Fyon and Ryo. The output stage has a 
MOSFET pair that 6 able io source‘sink un bo BA peak 
Cumrent haTroen fe Gate imnpenving he luen-oevio tine al the 
1GBT, Additionally, we can select lagen (see Fig. 2) alther 
io dackarge the gabe cagacilance wih a vollage source 
(slandend) or with a current source, specially dasign tor the 
47TOOY (GST series [it epeeds up the tur-of time of the 
PGBT). The present factory setting is voltage source (lager 
= 0). Using the current source lace. Rave Must bed Oo 


fee = WRIGE CE) 


Ay = ara 
OOl= tn 


ACE TK 
CCE 


ser 


Fig. 6 Vor waveioem with parameters Rice, Ge 
8. Soft turn-off 


In case of short-circuit, a further ciroult (SOFT TIR-OFF) 
increases the (eset nce in Series with Reon and turn-olt 
the |GET at a lower speed. This produces a smaller 

spite (due LSTRAY « divdi) abowe the OC link by reducing 
the ditdt value. Because in shortscircul conditions fhe Ha- 
Mogeneous ISBT'S peak cunent increases up to 3 times 
the nominal current (up io 10 limes wilh Epitaxial (GST 
structures), and some sia inductance is ewer present in 
power circuits, ® must fall io zero ina longer tine than at 
nana! operation. This “soft turn-off tines” can ie resduced 
by connecting 4 parallel regisioe Roon-SO (ee Fig. 2) with 
those already on the printed circuit board. 


9. Vez monitoring 


This circuit is responsible for short-cirpuit sensing. Cup io 
fhe direct measurement of Vores on the MaBT's collector, 
it blocks the output buffer (through the sea bar-oll circuit) 
in case of shoet-cincuel and pends a signal bo the ERROR 
memory on the primary side. The mocognition of which Ving 
lewal must be consinianed as a short cinuit event, Gadisiad 
by Rice and Gos (gee Fig. 21, and ft depends of the |GET 
used, Typical values Ape =18ki) and Gee =330 pF for SHI 
10 are delivered from factory (Fig. 6, cune 2). Using SKHI 
10017 the driver will bo didiversd with Ree = 36 kt and Cee 
= 470 pF from factory. 

The Vester i not static but a chramic reference which has 
an eaponential shape slaeting at about 15 and decreases 
fo Vorwe (5¥'S Voce 3 10 detenninaied by Roe) wih a 
ime constant 7 (0.5 ps2 T= ims controlled by Gce) Tine 
Votan Mmuet be (oO fermi Bows Woes if moral 
operation (the iBT ks alreacty in hull saturaticn) 


To avoid 2 flee faduee incicalion when Ue WGET juet eters 
bo conduct (Viorea valid if Stil too hagh) some decay tine 
must be provided for fie Woes. As the Vee signal is 
intemally lined at 10, fe decay time of Veer must nach 
fis kwel after Vee or a failure indication will occur (sea 
6, curve 1). Alen je defined ae furcion of Veees and t 
fo find out the best choice for Rice and Vice (see Pig 6, cure 
2). The time fhe IGET come to fhe 107 (represented by a 
SF in Fig. 6) degends on the [GET itself and Roo used. 


The Fice and Gce walues can be found fram Fig. 7 by taking 
He Vccue ad bee a8 ingul values with follwing remarks: 


oRigg > 10K 
aGee o 2Ine 


Altention!; Gf this function i nod wsed, for geoampk during 
fhe experimental phase, he Vee MONITORING mut be 
connecied with fhe EMITTER output io aeokd possibile fault 
indication and consequent gate signal blocking. 

10. Foon, Pager 

These hwo resistors ane reeponeible for the awitching speed 
of each IGBT_As an IGT has input capacitance (varying 
during the switching time) which must be charged and 
discharged, both nesistors will dictate what time rust be 
faker bo do this. The Geel value of resistance 6 aificull io 
predicl, because f depends on many parameters, as fol- 
Inne: 


#DC4ink vokage 
astray inductance of the circuit 
= Swniching i 
«type of ISBT 


C. Operating Procedure 

1. Qne IGET connection 

To realize the conmect switching and shon-circuit moniioring 
of one |GET some additional etemal components must be 
used (Fig.8) 

The driver is delivered with four RF, resistors (a2). The 
Wolue tan be reduced to use the dirhaar vith Begg mcediiiees, 


or higher requencteslower vollages. bry pulling additional 
resistors in parallel to the costing ones. 
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mo ROE won 


Fig.78 tee 68 function of Ace and Coe 


The outputs Ge. and Gor were previewerd bo conmect te 
Griver wilh more than one GT (peraleting). in thal case 
we need both signals OMAOFF separately bo cornet acidi- 
tional asdernal resistors Rigcn afd Algor for each IBT, If only 
one bGET iis toy ber used, wera fa-connect both paints 
together through J2 (see Fig. 1 and 2). This can ba done 
by soldering the tea small pads together, which sawes one 
external conection. 


Typical component values: *) 


Rented irririra 


Tabla 2a 12004 IGRT@ OC-ink= TOV 


Oo | Go | p kik | ih 

[SKM 200GALI730 |]. 8.2 | 82 | 470 | 36 | 0 | 
[SKM 300GAI73D 6.8 | 8 | 470] 36 | 0 | 
sxmdooGai7Tas | 6 | 5.6 | 470] 36 | 0 | 
Table 20 17D GBT OCink= 1000" 

*) Only starting values, for final optimization. 

The adjustment of Rae: (lactory adjusted Reyes = 22 0) 
should bo dona observing the overvoliages at ihe module 


in-case of short circuit. When having a low inductive OC link, 
the mGduleé Gan be Saiiched off faster. 


The values shown should be considered as standard 
values for a mechanicalfelectrical assembly, with ac- 


BiW-8 


ORg6 


Fig. 6 Pretend standard circuil 


caplable stray inductance level, using only one GBT 
per SKHMNO driver. The final optimized value can be 


found only by measuring. 
2, Parallaling IGBTs 


The pairalial connection & recommended only by using 
IGBTs ‘wilh homogeneous siruciure (IGHT). thal awe a 
positive temperature ooeticiant resulting in a pertect cur- 
rent sharing without any iabenmal auooliary element. After all 
Some care mist be considered tonaach an optimized cincuit 
and to abtain the total performance of the IGET (Fig. 8). The 
HGBTs must have Independent values of Roo GTi Plc. Ari 
almiliary emitter resistor A, as well as an ausiliary collector 
resistor Ri. musi also be used, 


The axiernal resigiors Rigow, Root, Ros and Rex should be 
Mmounhed on an additional circuit board mear the paralleled 
bo Zeer Ohne. 

The Rig, assures a value of 0,542 and i funciion i io 
compensale the wiring resisiance in the auxiliary amilpers 
— the emitter voltage against ground unia- 

nice. 

The A, assures a walue of 47 0) and its function is io orale 
an average walue of Vicce in case of shewt cincuil for Vice 





© by SEMIR ROH 


Fig.8 9 Preferred circurt for paralleled |GBTs 


Ts ceielindl assy kta sir ae le 


meine! ered low indiacinvg. 
Maximum recommended gale change is 9,6ul5, 
Sen aso Fig. 14, 


D. Signal Waveforms 


The (ollowing signal wavelonna were measured under the 
conditions: bec: 


aVe = 15V 

* Ter = 25°C 

sload = SKMIS0GAL1610 

#Ace = 15ko 

«Cen = S40pF 

aUpe = 1200 

ele = 1004 

All results are typical values if mol otherwise specified, 
Tha imi {requency of S4H4110 depends on the gate charge 


connected in ils output pins. 
It small IGBT modules are used, the frequency coukd theo- 
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ee an A bette rardee cede 


ValRAGly Hatipatdia 


en 


Fig.ié@ Short-circua and ERROR propagation time 
wor-cate (Wi, with SC already presant] 





~  -Vpeak=1360V 
+ | few, = -Vpeak=1280V 
it, fy 

este a 


| i 


' 
V=200V/div H=1ys/div 
i V=250A/div | 


Fig.13 Effect of Rgot-SC in short - circuit 





not allowed area 


Fig.14 Maximum operating frequency x gate charge 


retically reach 100kHz. For bigger modules or even paral- 
leled modules, the maximum frequency must be determi- 
nate (Fig. 14). Qo is the total equivalent gate charge 
connected to the output of the driver. The maximum allo- 
wed value is limited (9,6uC), and depends on the output 
internal capacitance connected to the power supply (ener- 
gy storage capacitance). 


E. Application / Handling 


1. The CMOS inputs of the driver are extremely sensitive 
to overvoltage. Voltages higher than (Vs + 0,3 V) or under 
- 0,3 V may destroy these inputs. 


Therefore the following safety requirements are to be ob- 
served: 


¢ To make sure that the control signals do not comprise 
overvoltages exceeding the above values. 


Protection against static discharges during handling, As 
long as the hybrid driver is not completely assembled 
the input terminals must be short circuited. Persons 
working with CMOS devices should wear a grounded 
bracelet. Any floor coverings must not be chargeable. 
For transportation the input terminals must be short 
circuited using, for example, conductive rubber. Places 
of work must be grounded. The same foam require- 
ments apply to the IGBTs. 


2. The connecting leads between the driver and the power 
module must be as short as possible, and should be twisted. 
3, Any parasitic inductance should be minimized. Over- 
voltages may be damped by C or RCD snubber networks 
between the main terminals [3] = C1 (+) and [2] = E2 (-) of 
the power module. 

4. When first operating a newly developed circuit, low 
collector voltage and load current should be used in the 
beginning. These values should be increased gradually, 
observing the turn-off behavior of the free-wheeling diodes 
and the turn-off voltage spikes across the IGBT by means 
of an oscilloscope. Also the case temperature of the power 
module should be monitored. When the circuit works cor- 
rectly, short circuit tests can be made, starting again with 
low collector voltage. 

5. It is important to feed any ERROR back to the control 
circuit to switch the equipment off immediately in such 
events. Repeated turn-on of the IGBT into a short circuit, 
with a frequency of several kHz, may destroy the device. 


For further details ask SEMIKRON 
Nr.11224040 





126 


ARNOLD PC-104 MPP CORES 
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o.d. 4.000 
id. 2.250/ht, 0.650 


Bator: Coating 4.000 in 2250 in OUB50 in 
Newrerad 101,60 mh 97,15 inn 1641 mm 


Aer Coating 4050 im Woe 2.195 ini. 0.700 iri Ka 
(Hun Epcarg) M2? mm Paae GS. ren Peli. FP ary here. 


O60 in S565 S217 a 3784 iv 
16 on 24277 om 46 on fa a3 one 
1B0E 25 ond 


A-GSEDGH-2 
A-ASO04 7-7 
ATS 2d 
- WET? 
= = Ve 
AB 2 EP be -2 WO 2 
Ase? APO Tay2 
ABA? = HEATERS 
A-1d4) 16-2 = 
ee 


Full Winking 
AWG (Half of 0, emaning) = Single Layer Winding 
rt 


Ry Tarr: Ry Ly 


a1678 
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o.d. 5.218 
iid, 3.094/ht. 0.800 


CORNERS: 


629 Appr Bele Coeiing $216 in 2G in Cain 
Radius (Tinea Porat 142.4 mm TH YS em FE Pa) 


After Coming G24 in Ada atin Mn 0.885 in feta 
(Boe Epo 13.56 rom Mex T04 mom Wi 21.72 en ae 


Micirum Appreaimate Approaimate Mean 
Effectren Core Widow ‘Weight of Lergeh ol Turn bor Fall 
Perec Area inethed ee Winding [Hal of LD, 

[Raloeencel Remaining) 


12.767 ie 58 ier TS ir 3.19 Es Lain 
a1 om 172-4 om 46.612 crv 1459 10.08 crm 
9.756 CG cored 


A-M026-2 W-Saen a2 
ALHOSS2 HPSS? 
A-LHHURE? «© HE-SPNCGG 


fearare 4 HEAT? 
4-1 SOS 2 HESe Tae 
Ae aR2 HF-Sa hh? 
4135562 = 
Para hh — 


Full Winding 
AG iMelFoF LO Remaining) = Single Layer Winding 


Tunes Ry Tums Ry fh Lolth 
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D. LF347 QUAD OPERATIONAL AMPLIFIERS 


LF347, LF347B 
JFET-INPUT 
QUAD OPERATIONAL AMPLIFIERS 


SLOS013B — MARCH 1987 — REVISED AUGUST 1994 


Low Input Bias Current. . . 50 pA Typ D OR N PACKAGE 

Low Input Noise Current ee 
0.01 pA/VHz Typ 

Low Total Harmonic Distortion 

Low Supply Current... 8 mA Typ 

Gain Bandwidth . .. 3 MHz Typ 

High Slew Rate . . . 13 V/ius Typ 

Pin Compatible With the LM348 


description 


These devices are low-cost, high-speed, JFET-input operational amplifiers. They require low supply current yet 
maintain a large gain-bandwidth product and a fast slew rate. In addition, their matched high-voltage JFET 
inputs provide very low input bias and offset current. 


The LF347 and LF347B can be used in applications such as high-speed integrators, digital-to-analog 
converters, sample-and-hold circuits, and many other circuits. 


The LF 347 and LF347B are characterized for operation from 0°C to 70°C. 


symbol (each amplifier) 


AVAILABLE —__—————_ 


Vioma: 
on So OUTLINE | PLASTIC DIP 
AT 25°C 
(D) (N) 
10 mV LF347D LF347N 
0°C to 70°C 
5mvV LF347BD LF347BN 
The D packages are available taped and reeled. Add R suffix to the device 
type (e.g., LF347DR). 


absolute maximum ratings over operating free-air temperature range (unless otherwise noted) 


Supply voltage, Vcc + 

Supply voltage Voc 

Differential input voltage, Vip ......-..- Shab de@tetatinasae $6 db bdo ww eee bone sees wees ree 
Input voltage, V; (see Note 1) 

Duration of output short circuit 

Continuous total power dissipation 

Operating temperature range 

Storage temperature range 

Lead temperature 1,6 mm (1/16 inch) from case for 10 seconds 


NOTE 1: Unless otherwise specified, the absolute maximum negative input voltage is equal to the negative power supply voltage. 


Perper DATA information is current as of publication date. Copyright © 1994, Texas Instruments Incorporated 
ts conform to spocticatons per the terms of Texas Instruments 

Lr warranty. Production processing dors not necessarily incude 

testing of all parameters. 





UC1637 
UC2637 
CONNECTION DIAGRAM UC3637 

DIL-18 (TOP VIEW) PLCC-20, LCC-20 


J or N Package (TOP VIEW) 
Q, L Packages 


PACKAGE PIN 
FUNCTION 
|_FUNCTION | _PIN | 


a 
as oe 
Aree Fe 
| 2 Fe 
: i an a Nr 
a 
ae 
ha 1 
8 14 *Bin 
B 10 11 1213 


SOIC-20 (TOP VIEW) -Bn 
DW Package 


oO 


+AIN 
+CiL 
-CiL 
SHUTDO 
NIC 


= 


iil ida 
2 


+E/A 
-EJA 


Se ee es 
Cop ~ | o>] cr] & [ce [ro [= 


ELECTRICAL CHARACTERISTICS: Unriess otherwise stated, these specifications apply for Ta = -55°C to +125°C for the 
UC1637; -25°C to #85°C for the UC2637; and 0°C to +70°C for the UC3637; +Vs = 


+15V, -Vs = - 15V, #VTH @ SV, -VrH® -5V, Rr 16.7kf2, Ct = 1500pF, Ta=Tu 


a ieeteettal 
jin | tye | max | mun | tye | max | 
ee ee 


Oscillator 


|_initial Accuracy [Tus 25°C (Noteg) to | to | toe | io | to | tt | 


Voltage Stability Vs = $5V to t20V, VFinN 1 = 3V, a 
VPIN 2 & -3V 


+VTH, -VTH Input Range 


Input Offset Voltage Vom = OV 
Vow = OV 
Input Offset Current Vom = OV 





E. 


UNITRODE UC3637 PWM DRIVER IC 


[LI 


mae UNITRODE 


Switched Mode Controller for DC Motor Drive 


FEATURES 


Single or Dual Supply 
Operation 


+2.5V to +20V Input Supply 
Range 


+5% Initial Oscillator 
Accuracy; + 10% Over 
Temperature 


Pulse-by-Pulse Current 
Limiting 


Under-Voltage Lockout 


Shutdown Input with 
Temperature Compensated 
2.5V Threshold 


Uncommitted PWM 
Comparators for Design 
Flexibility 

Dual 100mA, Source/Sink 
Output Drivers 


BLOCK DIAGRAM 


E/A GUTPUT 


UC1637 
UC2637 
UC3637 


2 <% 
aur 


The UC 1637 is a pulse width modulator circuit intended to be used for a variety of 
PWM motor drive and amplifier applications requiring either uni-directional or bi- 
directional drive circuits. When used to replace conventional drivers, this circuit 
can increase efficiency and reduce component costs for many applications. All 
necessary circuitry is included to generate an analog error signal and modulate 
two bi-directional pulse train outputs in proportion to the error signal magnitude 
and polarity. 


This monolithic device contains a sawtooth oscillator, error amplifier, and two 
PWM comparators with +100mA output stages as standard features. Protection 
circuitry includes under-voltage lockout, pulse-by-pulse current limiting, and a 
shutdown port with a 2.5V temperature compensated threshold. 


The UC 1637 is characterized for operation over the full military temperature range 
of -55°C to +125°C, while the UC2637 and UC3637 are characterized for -25°C to 
+85°C and 0°C to +70°C, respectively. 


ABSOLUTE MAXIMUM RATINGS (Note 1) 

Supply Voltage (=Vs) 

Output Current, Source/Sink (Pins 4, 7) 

Analog Inputs (Pins 1, 2, 3, 8, 9, 10, 11 12, 13, 14, 15, 16) 

Error Amplifier Output Current (Pin 17) 

Oscillator Charging Current (Pin 18) 

Power Dissipation at TA = 25°C (Note 2) 

Power Dissipation at Tc = 25°C (Note 2) 

Storage Temperature Range 

Lead Temperature (Soldering, 10 Seconds) 

Note 1: Currents are positive into, negative out of the specified terminal. 

Note 2: Consult Packaging Section of Databook for thermal limitations and considerations 
of package. 


UNDER- 
VOLTAGE 
LOCKOUT 


-Bin +Bin 
Note: Fault latches are reset dominant. 
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UC1637 
UC2637 
CONNECTION DIAGRAM UC3637 
DIL-18 (TOP VIEW) PLCC-20, LCC-20 
J or N Package (TOP VIEW) 
Q, L Packages 


PACKAGE PIN 
FUNCTION 


|__ FUNCTION | PIN | 

Ec 

a 2 1 2019 

| Acura 

a 

| Bours 8 

© wnen” a 

SOIC-20 (TOP VIEW) 


DW Package 


ELECTRICAL CHARACTERISTICS: Uriess otherwise stated, these specifications apply for Ta = -55°C to +125°C for the 
UC1637; -25°C to +85°C for the UC2637; and 0°C to +70°C for the UC3637; +Vs= 
+15V, -Vs = - 15V, ¢VTH ® SV, -VrH= -5V, Rr = 16.7kf2, Cr = 1500pF, Ta=Tu 


PARAMETER | TesTeowpmons ——_f_ucresruenes7 _{___ucasar___Junrs} 
| min | typ | max | min | tye | max | 


Oscillator 


j__initiel Acouracy fae 28°C (Noto @) dos ft to fos fe to ft | te 
Voltage Stability Vs = $5V to +20V, VFIN 1 = 3V, - 


VFINa = -JV 


Tempe Over Operating Range (Note 3) 


° 
_ 


+r Input Bias Current 


-VTH Input Bias Current Vein 2 = OV -10 


panto oe pet Range | +Vs-2 


|_input Offset Voltage [Vows OV 
|_inputBies Current Vom OV 
| input Offset Current Vom 
‘Vse2 
— 
|_Unity Gain Bandwidth J} 


< 

o we ~ 
* 

th 

< a 

, ois ~ 
nm 


a 
= 
Ea 

-Vse2 
| 80_| 
ae 
a 


— S S 


= 212 1- 
° a wn 
+ 
= ur 
o 
+ 
= 
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UC1637 
UC2637 
UC3637 


ELECTRICAL CHARACTERISTICS: Unless otherwise stated, these specifications apply for Ta = -55°C to #125°C for the 


UC1637; 


-25°C to +85°C for the UC2637; and 0°C to +70°C for the UC3637: Vs = 


*15V.-Vs = - 15V, ¢VTH ® SV, -VTH & -SV, Rr = 16.7k{2, Ct = 1500pF, Tae Tu 


L min | typ | max | min | typ | MAX | 


PARAMETERS 


input Offset Voltage 


SS SS oT Te 


input Hysteresis 


ee ee ee ee 


Snes —peessveaaw wea" Fowarfsr] —foowatW 


Current Limit 


|_input Offset Voltage [Vcms OV, Tas 25sec 00 | 200 | 210 | 180] 200 | 220 | mv _| 


input Offset Voltage T.C. 
input Blas Current 


es ee ee ee Chad 
ee oe ee ee ee 


|_ Common Mode Range  vsei25viox20v Ws |] os 3 vs | Jevs3] v | 


| Shutdown Threshold Noted) 28 | 2s | 27 | 23 | 2s | 27] Vv 
[tyetrenis ao ee ee ee Ba 
ESSE (TCE OO OT OE 


Under-Voltage Lockout 


Start Threshold (Notes) ts 


rr 


Total Standby Current 


| SupplyCurent Ps ts 8s ts Ym 


EINK = 20mMA 


Outp 
Output Low Level 


| tao | -13 | 14.9 | -13 
| tas] -13 | || | -14.5 | -13 | 


Output High Level $$} 13.5 
SOURCE = “we 


mf, Tu = 25°C 


Note 3: These parameters, although aad over the recommended opera’ 


Note 4: Parameter measured with respect to +V/s (Pin 6). 


conditions, are not 100% tasted in production. 


Note 5: Parameter measured at +V/s (Pin 6) with respect to -Vs (Pin 5). 


Note 6: Rr and Cr referenced to Ground. 


FUNCTIONAL DESCRIPTION 


Following is a description of each of the functional blocks 
shown in the Block Diagram. 


Oscillator 

The oscillator consists of two comparators, a charging 
and discharging current source, a current Source set ter- 
minal, ISET and a flip-flop. The upper and lower threshold 
of the oscillator waveform is set externally by applying a 
voltage at pins +VTH and -VTH respectively. The +VTH ter- 
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minal voltage is buffered internally and also applied to the 
ISET terminal to develop the capacitor charging current 
through RT. If RT is referenced to -Vs as shown in Figure 
1, both the threshold voltage and charging current will 
vary proportionally to the supply differential, and the oscil- 
lator frequency will remain constant. The triangle wave- 
form oscillators frequency and voltage amplitude is 
determined by the extemal components using the formulas 
given in Figure 1. 





(+¥7H j-(-¥8)} 


Rr +VTH 


= (-Ve) + 


UC1637 
UC2637 
UC3637 


{+¥a )-(-V¥s )} (H2+A3) 
Al+A2+A3 


\e ((+¥a)}-(-Ve)) (A3) 


t= S0T[¢¥mp--Vin)]) | -¥TH = (-¥s) + 


Figure 1. Oscillator Setup 


PWM Comparators 

Two comparators are provided to perform pulse width 
modulation for each of the output drivers. Inputs are un- 
committed to allow maximum flexibility. The pulse width of 
the outputs A and B is a function of the sign and ampli- 
tude of the error signal. A negative signal at Pin 10 and 8 
will lengthen the high state of output A and shorten the 
high state of output B. Likewise, a positive error signal re- 
verses the procedure. Typically, the oscillator waveform is 
compared against the summation of the error signal and 
the level set on Pin 9 and 11. 


MODULATION SCHEMES 

Case A Zero Deadtime (Equal voltage on Pin 9 and Pin 11) 
In this configuration, maximum holding torque or stiffness 
and position accuracy is achieved. However, the power in- 
put into the motor is increased. Figure 3A shows this con- 
figuration. 


Case B Small Deadtime (Voltage on Pin 9 > Pin 11) 
Asmall differential voltage between Pin 9 and 11 provides 
the necessary time delay to reduce the chances of mo- 
mentary short circuit in the output stage during transi- 
tions, especially where power-amplifiers are used. Refer to 
Figure 3B. 


Case C Increased Deadtime and Deadband Mode 
(Voltage on Pin 9 > Pin 11) 

With the reduction of stiffness and position accuracy, the 
power input into the motor around the null point of the 
servo loop can be reduced or eliminated by widening the 
window of the comparator circuit to a degree of accep- 
tance. Where position accuracy and mechanical stiffness 
is unimportant, deadband operation can be used. This is 
shown in Figure 3C. 


Al+R2+A3 


UC1037 


OSCLLATOR AA. 
IN 2) 


Figure 2. Comparator Biasing 


Output Drivers 

Each output driver is capable of both sourcing and sinking 
100mA steady state and up to 500mA on a pulsed basis 
for rapid switching of either POWERFET or bipolar tran- 
sistors. Output levels are typically -Vs + 0.2V @50mA low 
level and +Vs - 2.0V @50mA high level. 


Error Amplifier 

The error amplifier consists of a high slew rate (15V/us) 
op-amp with a typical 1MHz bandwidth and low output im- 
pedance. Depending on the +Vs supply voltage, the com- 
mon mode input range and the voltage output swing is 
within 2V of the Vs supply. 


Under-Voltage Lockout 

An under-voltage lockout circuit holds the outputs in the 
low state until a minimum of 4V is reached. At this point, 
all internal circuitry is functional and the output drivers are 
enabled. If external circuitry requires a higher starting volt- 
age, an over-riding voltage can be programmed through 
the shutdown terminal as shown in Figure 4. 
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UC1637 
UC2637 
UC3637 


{Pina 8,11} 


Shutdown Comparator 

The shutdown terminal may be used for implementing 
various shutdown and protection schemes. By pulling the 
terminal more than 2.5V below VIN, the output drivers will 
be enabled. This can be realized using an open collector 
gate or NPN transistor biased to either ground or the 
negative supply. Since the threshold is temperature stabi- 
lized, the comparator can be used as an accurate low 
voltage lockout (Figure 4) and/or delayed start as in Fig- 
ure 5. In the shutdown mode the outputs are held in the 
low state. 


Figure 5. Delayed Start-Up 


-Vs to within 3V of the +Vs supply while providing excel- 
lent noise rejection. Figure 6 shows a typical current 
sense circuit. 


20am¥ 

+ - 
Figure 4. External Under-Voltage Lockout ] 
UC1637 = 
A latched current limit amplifier with an internal 200mV TWISTED PAIR 


offset is provided to allow pulse-by-pulse current limiting. 
Differential inputs will accept common made signals from 


Current Limit 





Figure 6. Current Limit Sensing 
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UC1637 
UC2637 
UC3637 


J 
E 
a 
i] 
uw 
Wl 
a 


POSITION 

COMMAND 

VOLTAGE 
POSITION FEEDBACK VOLTAGE 


Figure 8. Single Supply Position Servo Motor Drive 





139 


F. MALLORY ELECTROLYTIC CAPACITOR 


NACC Specification Sheet MALLO Y 
q 


For Reference Only 


‘borh Aunetisen CapaciorCompany 
Part Number: CGH102T450V3L Product Type: CGH 
Capacitance (uF): 1,000 Operating Temperature (°C): -40 to +85 
Working Volts (WVDC): 450 Surge Volts (SVDC): 525 
Tolerance (+%): -10% +75% 
Sleeve Material: Blue PVC Thickness: 008" 


Max ESR @ 120Hz - 25°C (MOhms): 83.4 
Max ESR @ 20KHz - 25°C (MOhms): 53.4 
Max Iac @ 120Hz- 85°C (RMS Amps): 4.8 
Max Ripple @ 20KHz - 85°C (RMS Amps): 6.0 
Max DC Leakage Current: 


T= .006 ¥C¥ after 5 Minutes 
Not to exceed 6 mA 


e C= Capacitance tn uF 


« V=Rated Voltage 
e [=Leakage Current in mA 


Performance Specifications 


Dimensions 


After application of rated DC voltage for 
Millimeters |Inches 1000 hours at + 85°C. 


2.000 


— e CAP <10% from imal measurement 
3.625 








e DF <175 % from inital measurement 











¢ DCL intial specified linus 


Ripple Multipliers 
The maxinum tipple current at 85°C and 120 Hzis shown in the Stanard Rating Table. 
Maxinum tipple current may be adjusted by the multipliers in the following tables. 


Rated Ripple Multiphers Ambient Ripple Ambient Ripple 
WVDC [120Hz|400He|1KHz|2.5KHz|10KHz| |Temp. Multiplier} | Temp. /Multiplier 


250 to 500! 1.000{1.080 1.113] 1.175 [1.230 | Lt85°C |_ 1.00 || +50°C | 2.00 
+75°C | 140 [445° | 2.25 


+65°C | 1.70 435°C | 2.45 
























































Other Information 


Shelf Life Test: Use a circulating air oven as above for rated shelf life +6 hours. Allow capacitors to cool to room temperature and stabilize for a minimum of 16 hours. 
Capacitance, ESR and DCL will meet initial requirements. 


Shelf Life: Capacitors stored more than 5 years should be checked for DCL to see if they meet requirements. Apply rated VDC for 30 minutes through a 1000 Ohm resister to 
bring DCL within limits. 
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G. CLN-50 CURRENT SENSORS 


Model CLN-50/100 


Description 
Models CLN-50 and CLN-100 are closed loop Hall effect current sensors that accurately measure dc and ac 
current and provide electrical isolation between the current carrying conductor and the output of the sensor. 


Electrical Specifications CLN-50 CLN-100 
Nominal current (I,) — 50 Arms ————————————_ 100 Arms ——— 
Measuring range —0to+90A 0 to + 150 A —— 
Sense resistor aot R. min. R. max. R. min. R. max. 
with + 12 V at + 70 A peak .... ais 50 ohms 90 ohms a n/a 
at + 100 A peak ‘is va va 30 ohms 55 ohms 
at + 150 A peak 3 va Va 10 ohms 25 ohms 
with + 15 V at + 90 A peak .... ois 70 ohms = 100 ohms va n/a 
at + 100 A peak sti Va Va 30 ohms 85 ohms 
at + 150 A peak i Va Va 30 ohms 40 ohms 
Nominal analog output current ws 50 mA —_ ——__ 100 mA — 
Turns ratio oe 1:1000 —————————____—_ 1:1000 —— 
Overall accuracy at 25 °C and + 12 V ............ —— + 0.9% of |, ———————————___ + 0.9% of |, —— 
Overall accuracy at 25 °C and + 15 V............. ——~ + 0.5% of |, ——————————__ + 0.5% of |, —— 
Supply voltage (Vdc) .. + 12 to +15 (+ 5%) ——————— + 12 to + 15 (+ 5%) 
Dielectric strength 3 kV rms/50 Hz/1 min. ———————— 3 kV rms/50 Hz/1 min. 
(between the current carrying conductor 
and the output of the sensor) 











Accuracy-Dynamic Performance 
Zero current offset at 25 °C + 0.2 mA max. ———————._. + 0.2. mA max. 
Offset current temperature drift 
between 0 °C and +70 °C .. + 0.3 mA typ., + 0.6 mA max. + 0.3 mA typ., + 0.6 mA max. 
between -25 °C and +85 °C .. + 0.3 mA typ., + 0.8 mA max. + 0.3 mA typ., + 0.8 mA max. 
Linearity we better than +0.1% —————— better than +0.1% —— 
Response time less than 500 ns ——————— less than 500 ns —— 
di/dt accurately followed —— better than 100 A/us ————— better than 100 A/us — 
Bandwidth — 0 to 150 kHz (-1 dB) -————_ 0 to 150 kHz (-1 dB) — 


General Information 
Operating temperature — -40 °C to +85 °C ——————._ 40 °C to +85 °C ——_ 
Storage temperature .. —— 40 °C to +90 °C —————._ 40 °C to +90 °C ——_ 
Current drain (plus output current) — 10 mA (at + 15 V) ————— 14 mA (at + 15 V) —— 
Coil resistance 
at + 70 °C... .. 30 ohms —————————_ 30 ohms 
at + 85 °C... .) ————— 35 ohms ——————_ 35 ohms 
Package .......... | ——— Flame retarded plastic case 
Weight...... .. —@— 18 grams 21 grams 
Mounting... ..._— Designed to mount on PCB via thru hole connection pins — 
i 0.530” x 0.390” (13.5 mm x 10 mm) 
Output reference. ... 10 obtain a positive output on the terminal marked “O/P”, aper- 
ture current must flow in the direction of the arrow (conventional flow) 





1. The temperature of the current carrying conductor should not exceed 90°C 
2. Due to continuous process improvement, all specifications listed in this catalog subject to change without notice. 
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Model CLN-50/100 


Mechanical Dimensions 
All dimensions are in inches (millimeters) 


CLN-50 





BIPOLAR 
DC SUPPLY -¥ CLN-50 


arp 


#12 TO +184 
BIPOLAR a Tr Wi 
De: BU? PRL -12 TG -ii¥ G LN: 1000 


MOUNTHG MOTE pj 
fla jek ig 
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H. ANALOG DEVICES LOW DISTORTION ISOLATION AMP 


ANALOG 
DEVICES 


120 kHz Bandwidth, Low Distortion, 


Isolation Amplifier 


FEATURES 

isolation Voltage Rating: 1,500 V rms 

Wide Bandwidth: 120 kHz, Full Power (-3 dB) 

Rapid Slew Rate: 6 V/ps 

Fast Settling Time: 9 ps 

Low Harmonie Distortion: -80 dB @ 1 kHz 

Low Nonlinearity: +0.005% 

Wide Output Range: +10 V, min (Buffered) 

Built-in Isolated Power Supply: +15 V de @ +10 mA 
Performance Rated over -40°C to +85°C 


APPLICATIONS INCLUDE 

High Speed Data Acquisition Systems 
Power Line and Transient Monitors 
Multichannel Muxed Input Isolation 
Waveform Recording Instrumentation 
Power Supply Controls 

Vibration Analysis 


GENERAL DESCRIPTION 

The AD215 is a high speed input isolation amplifier designed to 
isolate and amplify wide bandwidth analog signals. The innova 
tive circuit and transformer design of the AD215 ensures wide 
band dynamic characterstics while preserving key de performance 
specifications. 


The AD215 provides complete galvanic isolation between the 
input and Output of the device including the user-available 
front-end isolated power supplies. The functionally complete 
design, powered by a +15 V de supply, eliminates the need for a 
user supplied isolated de/de converter. This permits the designer 
to minimize circuit overhead and reduce overall system design 
complexity and component costs. 


The design of the AD215 emphasizes maximum flexibility and 
ease of use in a broad range of applications where fast analog 
signals must be measured under high common-mode voltage 
{CMV} conditions. The AD215 has a 210 V input/output 
range, a specified gain range of | V/V to 10 WV, a buffered out 
put with offset tim and a user-available isolated front-end 
power supply which produces +15 V de at +10 mA. 


PRODUCT HIGHLIGHTS 

High Speed Dynamic Characteristics: The AD215 features 
a typical full-power bandwith of 120 kHz (100 kHz min}, rise 
time of 3 us and settling time of 9 us. The high speed perfor 
mance of the AD215 allows for unsurpassed galvanic solation 
of virtually any wideband dynamic signal. 


REV.0 


information furnished by Analog Devices is beleved to be accurate and 
reliable. However, no responsibilty ts assurned by Analog Devices for its 
use, nor for any infringements of patents or other rights of thed parties 
which may resuk from @s use. No license is granted by implication or 
otherwise under any patent or patent nghts of Analog Devices. 


FUNCTIONAL BLOCK DIAGRAM 


Flexible Input and Buffered Output Stages: An uncomenit 
ted op amp is provided on the input stage of the AD215 to 
allow for input buffering or amplification and signal condition 
ing. The AD215 also features a buffered output stage to drive 
low impedance loads and an output voltage trim for zeroing the 
output offset where needed. 


High Accuracy: The AD215 has a typical nonlinearity of 
20.005% (B grade) of full-scale range and the total harmonic 
distortion is typically -80 dB at 1 kHz. The AD215 provides 
designers with complete isolation of the desired signal without 
loss of signal integrity or quality. 


Excellent Common-Mode Performance: The AD21SBY 
{AD215AY) provides 1.500 V ems {750 V rs) common-mode 
voltage protection from its input to output. Both grades feature 
a low common-mode capacitance of 4.5 pF inclusive of the 
delde power isolation. This results in a typical common-mode 
rejection specification of 105 dB and a bow leakage current of 
2.0 pA ems max (240 V ems, 60 Hz). 


Isolated Power: An unregulated isolated power supply of 
215 V de @ 210 mA is available at the isolated input port of 
the AD215. This permits the use of ancillary isolated front-end 
amplifiers or signal conditioning components without the need 
for a separate de/de supply. Even the excitation of transducers 
can be accomplished im most applications. 

Rated Performance over the 40°C to +85°C Temperature 
Range: With an extended imdiustrial temperature range rating, 
the AD215 is an ideal isolation solution for use in many indus 
trial environments. 


© Analog Devices, Inc., 1996 


One T Way, P.O. Box 9106, Norwood, MA 02062-9106, U.S.A. 
Tel: 617/329-4700 Fax: 617/326-8703 
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AD?21 5-SPECI FICATIONS (Typical @ +25°C, Vs = #15 V de, 2 KO output load, unless otherwise noted.) 


Parameter 


GAIN 
Range! 
Error 
vs. Temperature 


vs. Supply Voltage : 

vs. Isolated Supply Load* 
Nonlinearity” 

AD215BY Grade 


AD215AY Grade 


INPUT VOLTAGE RATINGS 
Input Voltage Rating 
Maximum Safe Differential Range 
CMRR of Input Op Amp 
Isolation Voltage Rating* 
AD215BY Grade 
AD215AY Grade 
IMRR (Isolation Mode Rejection Ratio} 


Leakage Current, Input to Output 


INPUT IMPEDANCE 
Differential 
Common Mode 


INPUT OFFSET VOLTAGE 
Initial 
vs. Temperature 


OUTPUT OFFSET VOLTAGE 
Initial 
vs. Temperature 


vs. Supply Valtage : 
vs. [solated Supply Laad* 


INPUT BIAS CURRENT 


Initial 
vs. Temperature 


INPUT DIFFERENCE CURRENT 
Initial 
vs. Temperature 


INPUT VOLTAGE NOISE 
Input Voltage Nowe 


DYNAMIC RESPONSE (2 kQ Load) 
Full Signal Bandwidth (-3 dB) 
Transport Delay" 

Slew Rate 
Rise Time 


[cnatnas | 


G = 1 VN, No Load on Vien 


OC to +85°C 
40°C to C 
£(14.5 V de to 16.5 V de} 


+10 ¥ Gutput Swing, G = 
+10 V Output Swing, G 
+10 V Output Swing, G 
+10 V Output Swing, G 


LVN 
10 ViV 
LVN 
10 VV 


AD215AY/BY 


Typ 


+0.5 
+15 
+50 
+10) 
+20) 


40.005 +0.015 
+£0.01 

40.01 + 0.025 
+£0.025 


G=1VV 
IN+ or IN-, to INCOM 


Input to Output, AC, 60 Hz 

1k Tested! 

14 Tested! 

Res 100.0 (IN+ & IN-),G = 1 VV, 60 He 
Res 1000 (IN+ & IN-}, G = 1 VV, 1 kHe 
Res 100.0 (IN+ RIN-),G = 1 VV, LO kHz 
Res 1 kQ (IN+ & IN-),G = 1 VV, Hz 
Res 1 kQ (IN+ & ING = 1 VN, 1 kHa 
Res 1 kQ (IN+ & ING = 1 VV, 1OkHz 
240 V rms, 60 He 


® +25°C 
&C to +85°C 
40°C to &C 


@ +25°C, Trimmable to Zero 
OC to +85°C 
40°C to YC 


® +25°C 
40°C to 485°C 


@ +25°C 
40°C to 485°C 


Frequency > 10 Hz 


G = 1 WN, 20 V pk-pk Signal 10K) 120 
2.2 

+10 V Output Swing 6 

10% to 0%, + 10 V Output Swing 3 
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HA rms 


Moa 
GO|pF 


mV 
pv" Cc 
pv" GC 


mV 
pvc 
pViC 
pviv 

HV /mA 


nA 
nA 


nA 
nA 


aVNTTe 


kHz 


ps 
Vis 
us 





DYNAMIC RESPONSE (2 kQ Load) Cont. 
Settling Time 
Overshoat 
Harmonie Distortion Components 


Overload Recovery Time 
Output Overload Recovery Time 


RATED OUTPUT 
Voltage 
Current 
Max Capacitive Load 
Output Resistance 
Output Ripple and Noise’ 


ISOLATED POWER OUTPUT® 
Voltage 
vs. Temperature 


Current at Rated Supply Voltage* ® 
Regulation 
Line Regulation 


Ripple 
POWER SUPPLY 
Supply Voltage 


Current 


TEMPERATURE RANGE 
Rated Performance 
Storage 


NOTES 


AD215AY/BY 
Min Typ 


to 20.10%, +10 V Output Swing 


@ | kHz 

@ 10 kHz 

G = 1 ViV,+15 V Drive 
G5 


Out HI to Out LO 
2 kQ Load 


| MHz Bandwidth mV pk-pk 
50 kHz Bandwidth 2.5 mV pk-pk 


No Load 
OC to +85°C 2 mVPC 
40°C to &C mVPC 
mA 
No Load to Full Load mViV 
Z mViV 
| MHz Bandwidth, No Load* mV rms 


Rated Performance £145 
Operating’ $14.25 
Operating (+15 V de/-15 V de Supplies) +40V-18 


"The gain range of the AD215 & specified fom 1 to 10 V/V. The AD215 can also be used with gains of up to 100 V/V. With a gain of 100 W/V a 20% reduction in the 
3.48 handwkith specification occurs and the nonlnwarity degrades to 21.02% typical. 

"When the isolated supply load exceeds +1 mA, external filter capacitors are required in order to ensure that the gain, offset, and nonlinearity specifications are pre 
served and to maintain the Isolated supply full joad ripple below the specified 40 mV mms. A value of 6.8 UP Is recommended. 

"Noniinoarity bs specified as a percent (of full-scale range) deviation fram a best stradght Bine. 

"The Golatian barrier (and rating) af every AD216 Is 100% sested in production using a § second partial discharge test with a failure detection threshakl of 180 pC. All 
“B” grade devices are testod with a minimum voltage of 1,800 V ms. A “A” grade devices are tested with a mindnums woltage of 850 V rows 

"The AD214 should be allowed to warm up foe approximately 10 minutes befoee any gatn andor offset adjustments are made 


"Equivalent to a 0.8 degrees place shift. 


"With the +15 V de power supply pins bypassed by 2.2 uP capacitors at the AD215 pins 
“Caution: The AD215 design does nat provide stort clroult protection of its bolated power supply. A current limiting resistor asay be placed In series with the bolated 
power serminals and the Joad im order to protect the supply against Inadvertent shorts. 
"With an input power supply voltage greater than ar oqual +14 V de, the AD215 may supply up to +15 mad from the olated power supplies 
"Vodtages less than 14.25 V de meay cause the AD215 to conse operating properly. Voltages greater than £17.5 V de may damage the Internal components af the 


ADZ15 and consequently should not be used 
Specifications subject to change without notice 


CAUTION 


ESD (electrostatic discharge) sensitive device. Electrostatic charges as high as 4000 V readily ' 
accumulate on the human body and test equipment and can discharge without detection. WARNING! 


Cc 
Although the AD215 features proprietary ESD protection circuitry, permanent damage may Ah 
occur on devices subjected to high energy electrostatic discharges. Therefore, proper ESD 


precautions are recommended to avoid performance degradation or boss of functionality. 
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I. NATIONAL SEMICONDUCTOR QUAD 2-INPUT OR GATE 





CD4071BM/CD4071BC 


CD4081BM/CD4081BC 


General Description 

These quad gates are monolithic complementary MOS 
(CMOS) integrated circuits constructed with N- and P-chan- 
nel enhancement mode transistors. They have equal source 
and sink current capabilities and conform to standard B se- 
ries output drive. The devices also have buffered outputs 
which improve transfer characteristics by providing very 
high gain. 

All inputs protected against static discharge with diodes to 
Vpp and Vss. 


AV National Semiconductor 


February 1988 


Quad 2-Input OR Buffered B Series Gate 


Quad 2-Input AND Buffered B Series Gate 


Features 
m Low power TTL Fan out of 2 driving 74L 
compatibility or 1 driving 74LS 


m 5V-10V-15V parametric ratings 

= Symmetrical output characteristics 

m Maximum input leakage 1 A at 15V over full tempera- 
ture range 





Connection Diagrams 





CD4071B Dual-in-Line Package 
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Absolute Maximum Ratings (notes 1 4 2) 
If Military/Aerospace specified devices are required, 
please contact the National Semiconductor Sales 
Office/Distributors for avallability and specifications. 





Voltage at Any Pin —0.5V to Vop +0.5V 
Power Dissipation (Pp) 
Dual-In-Line 700 mW 
Small Outline 500 mW 
Vop Range ~0.5 Voc to +18 Voc 
Storage Temperature (Ts) —65°C to + 150°C 


Lead Temperature (T;)} 


(Soldering, 10 seconds) 260°C 
Operating Conditions 
Operating Range (Vpp) 3Vpc to 15 Vpc 
Operating Temperature Range (T,) 


CD4071BM, CD4081BM 
CD4071BC, CD4081BC 


—55°C to + 125°C 
—40°C to + 85°C 


DC Electrical Characteristics cp40718m/cb40818M (Note 2) 


Note 1:' 


Quiescent Device | Vpp = 5V 


Low Level 
Output Voltage 


High Level 
Output Voltage 


Low Level 
Input Voltage Voo 


High Level 
Input Voltage Vop 
Vop 


Low Level Output | Vop = 
pp = 10V, Vo = 0.5V 
ip 15V, Vo = 
High Level Output | Vop = 
= 10V, Vo = 9.5V 
- = 15V, Vo = 


Current 
(Note 3) 


Current Vop 
(Note 3) 


Input Current 


Vop o 
= 10V, Vo = 
Vop = 


Vop = 
= 10V, Vo = 9.0V 
~ 15V, Vo = 13.5V 


5V, Vo = 0.5V 
1.0V 
15V, Vo = 1.5V 


5V, Vo = 4.5V 


5V, Vo = 0.4V 


1.5V 
5V, Vo = 4.6V 


13.5V 


= 15V, Viy = OV 
= 15V, Vin = 15V 





—0.10 —10-5] —0.10 
0.10 10-5 0.10 
“Absolute Maximum are are those values beyond which the safety of the device cannot be guaranteed, Except for “Operating Temperature Range” 
they are not meant to imply that the devices should be operated at these imits. The table of “Electrical Characteristics” provides conditions for actual device 
operation. 
Note 2; All voltages measured with respect to Vee unless otherwise specified. 
Note 3: lo, and io, are tested one output at a te, 
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Physical Dimensions inches (millimeters) 


0,785 








(19,939) 
MAX 





0.290-0.320 0.005, 


(7.366-8.128) (0.127) GLASS 0.060 +0.005 
eee MIN SEALANT faasaqun1>7) 


reel 
{1.524 +0.127) 















86°94° TYP 
0.008—0.072 
{0.203—0.305) 


10° MAX 
0.310-0.410 









0.220—-0.310 


(5.588—7.874) 


0.200 
(6.080) 
MAX 9 920-0.060 
(0.508—1.524) 


(3.175-5.080) 


Baad deed 0.018 +0.003 003 | | 
(7.874-10.41) 0,098 - rapes |eee 0.125—-0.200 
(2.489) 
MAX BOTH ENDS 0.100 +0.070 ats 
(2.540 +0.254) Gal) 
MIN 


Ceramic Dual-In-Line Package (J) 
Order Number CD4071BMJ, CD4071BCJ 
CD4081BMJ or CD4081BCJ 
NS Package Number J14A 


J14A (REV G) 
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APPENDIX B. MATLAB CODE 


A. BUCK CONVERTER 


The following MATLAB m-files were utilized in the design of the buck chopper. 


1 Fe MATLAB M.-file (BUCK_closeloop_bessel.m) 


This m-file is used to determine gains, required control circuit resistance, open 


and closed-loop transfer functions, and various plots. 


O78 Fi 2 2 He He 2 2 2 2 a 3 2h 2 ee ee fe fe fe fe he he 26 26 26 28 28 28 28 28 28 28 28 2s 2s 2 22 2 2 2 2 2 2 2 2 2 2h 2h 2 2 ee ee fe fe fe fe he fe he 2c 2c ie 2s 28 2k 


% BUCK_closeloop_bessel.m 

% 

% Specifications: 

% 100A IGBT's 

% Stable and continuous operation between 10% and 100% load 
% 

% This program calculates the required gains of the 

% control circuitry and evaluates the open and closed- 

% loop transfer function of the buck chopper. User 

% inputs desired load resistance and program calculates 

% required gains, resistor components, step responses, and 
% bode plots. 

% 

% Written by; Brad L. Stallings 12-18-2000 

% Last mod: April 2001 


Oo 7 7 2 2 He He 2 2 2 3 2 2h ah 2 ee he fe fe fe fe fe he 26 26 26 26 26 28 28 28 28 28 28 2s 2s 2s 22 2 2 2 2 2 2 2 2 2 2 2 2 2 2 ee ee fe fe fe fe 2h fe he 2c 2c ie ie 2 2k 


clear 
format long 
format compact 


O78 7 2 2 2 He 2 2 2 2 2 2h 2h 2 ee fe he fe fe he fe he 26 26 26 26 28 26 28 28 28 28 28 28 282s 2 22 2 2 2 2 2 2h 2 2 2 2 2 28 2 3 ee he fe he he fe he he 2c 2c 2c 2c 2ie 2 2s 


% Constants defined 
O78 7 2 2 He He 2 ae ae 2 2 2h 3h 2h 2 3 ee he fe fe fe he he 26 26 26 28 28 28 28 28 28 28 2s 22s 222 2 2 2 2 2 2 2 2 2 2 2 28 3 2 ee he he fe he he he he he 26 2g 26 2c 2 2s 


R=input(‘Input Load resistance ') 
T=1/20000; % switching time 
E=500 % input voltage 
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d=400/E % duty cycle 


L=le-3 % output inductor size 
C=500e-6 % output capacitor size 
w=2*p1*500; % control bandwidth 


Oo 7 Fi 2 2 He He 2 2 2 2 2 3h a 2 ae ee fe fe he he fe he 26 26 26 26 26 28 28 28 28 28 28 2s 28 2s 222 2 2 2 2 2 2 2h 2 2 2h 2h 2 2 2 ee fe fe fe fe he 2h fe 2c 2h 2c 2g 2c Zit 2s 


% Desired pole specification (bessel) 
O78 7 2 2 He He 2 He 3 3 2 2 2 2 2 ee he fe fe fe he he he 26 26 26 28 28 28 28 28 2A 28 2s 2s 2s 222 2 2 2 2 2 2 2 2 2 2 2 2 3 2 ee he fe fe 2h fe he fe he 2c 2c 2c 2g 2 2s 


poles=w*[-0.7455+j*0.7112,-0.7455-j*0.7112,-0.9420] 


S=poly(poles) % polynomial equation 
S1=S(1); % coefficient one 
$2=S(2); % coefficient two 
$3=S(3); % coefficient three 
S4=S(4); % coefficient four 


OF 7 2 2 He 2 2 2 2 2 2 2 2h 2 ee fe fe fe fe fe he he 26 26 26 246 28 28 28 28 28 28 28 2s 2s 2s 222 2 22 2 2 2 2h 2 2 2 2 2 3 2 ee he fe fe fe fe fe fe he 2c 2c 2c ie 2s ik 


% Gain calculations 
Oo 7 7 2 2 He 2 2 ae 3 3 2 2h 2h a 2 ee fe he fe fe fe he 26 26 26 26 28 28 28 28 28 28 28 2s 22s 222 22 2 2 2 2 2 2 2 2 2 2 3 2 ee he fe he he fe he fe he 2c 2c 2g 28 2 2k 


hi=L/E*(S(2)-1/(R*C)) % current gain 
hv=((L*C)/E)*(S(3)-1/(L*C)) % voltage gain 
hn=(S(4)*L*C)/E % integral gain 


Oo 7 7 2 2 He He 2 ae 2 2 2 2h ah 2 2 ee fe fe fe fe he he 6 26 26 26 26 28 28 28 28 28 2s 2s 2s 2s 222 2 2 2 2 2 2 2h 2 2 2 2 2 3 3 2 ee fe he he fe fe fe he 2c 2c 2 2c ie 2k 


% Solve for unknown resistor values for control circuit. 
Oo 7 7 2 2 2 2 oe ae ae ae ah 2h 2 2 ae ee fe fe fe fe fe he 26 26 26 26 26 28 28 28 28 28 28 28 28 2222 2 2 2 2 2 2 7 2 2 2 2 2 2 2 ee he fe fe fe he fe fe fe 2c 2c 2g 2c 2 2s 


R101=10000 % ohm see Figure (5-7) 
R102B=10000 % ohm 
R102C=10000 % ohm 
R106=10000 % ohm 
R108=10000 % ohm 
R109=10000 % ohm 
R110=10000 % ohm 
R112G=10000 % ohm 
C107=0.1e-6 % 0.1 micro farad 
R113B=150000 % ohm 
R114=(50*R113B)*hi % ohm 
R113C=(R114)/(1000*C107*R106*hn) % ohm 

r=1000* hv; 


rl=(R113B*R113C)/(R113B+R113C); 
R112=((71+R114)*R112G)/(hv*1000*r1)-R112G =% ohm 
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Oo 7 7 2 2 He He 2 ae 2 2 2 3 2 2 2 2 fe fe he fe fe fe he he 26 26 26 28 28 28 28 28 28 2s 28 22s 222 2 2 2 2 2 2 2 2h 2 2h 2 2 2 2 2 ee fe he he fe afc fe he 2c 2c 2g ie 2 is 


% This section calculates the Transfer functions of Buck 


% Converter (both open and closed-loop and displays various plots. 
O78 7 2 2 2 He ae 2 2 3 2 a ah 2 2 2 he he fe fe fe fe he 26 26 26 26 26 28 28 28 28 28 28 28 2s 2s 2 2 2 2 2 2 2 2 2 2 2 2 2h 2h 2 2 2 ee he fe he fe fe he fe he 2c 2c 2c ie 2 2s 


b1=1/(R*C); % b1, b2, b3 defined 
b2=E/(L*C); 

b3=1/(L*C); 

nl=[b2*hv,b2*hn]; % numerator terms closed-loop 
d1l=[1,b1+E/L*hi,b3+b2*hv,b2*hn]; % denominator terms closed-loop 
roots_1=roots(d1) % roots of denominator closed-loop 
sys=tf(n1,d1); % transfer function closed-loop 
figure (1) 

step(sys,.0055); 

Mz=step(sys,.0055); % step response for closed-loop 
figure (2) 

bode(sys); % bode plot closed-loop 

OS 1=max(M) % Overshoot Calculation 


Percent_Overshoot1=((OS1-1)/(1))*100 


Oo 7 7 2 2 He 2 2 2 ae 3 2 2 2h 2 2 ee fe fe he fe he he 26 26 26 26 28 28 28 28 28 28 28 2s 282s 222 2 2 2 2 2 2h 2 2 2 2 2 2 2 2 ee fe fe fe fe fe afc fe he 2c ie ie 2ie 2 2s 


% Function to verify poles obtained with the gains 


% computed match desired poles 
Oo 7 7 2 2 2 He He 2 2 2 2 a 2h 2 ee fe fe fe fe fe fe he 26 26 26 26 26 28 28 28 28 28 28 2s 28 2s 2s 2 2 2 2 2 2h 2h 2 2h 2 2 2h 2h 2 2 2 2 ee fe fe he fe fe fe fe 2c ie ie 2 2 2s 


Am=[0 -1/L E/L;1/C -1/(R*C) 0; -hv/C (hi/L)+(hv/(R*C))-hn -hi*E/L] 
closed_loop_poles=eig(Am) % verifies correct poles 


Oo 7 7 2 2 He 2 2 2 2 3 2 2 2h 2 2 ee fe he fe fe fe he 26 26 26 26 26 he 28 28 28 28 2s 28 2s 222 2 2 2 2 2 2 2h 2 2h 2 2h 2 2 2 2 ee he fe he fe fe afc ofc he 2c ie ie 2ie 2 2s 


%The following code examines the open-loop response 
Oo 7 7 2 2 He 2 2 3 2 3 2 3h 2h 2 2 ee fe fe fe fe he 26 26 26 26 26 28 28 28 28 28 28 28 2s 22s 22 2 2 2 2 2 2 2h 2 2 2 2h 2 2 2 2 2 2 he he he he fe afc 2c 2c he 2c 2g 2c 2s 2s 


n2=[b2*hv,b2*hn]; % numerator terms open-loop 
d2=[1,b1+E/L*hi,b3,0]; % denominator terms open-loop 
roots_2=roots(d2) % roots of denominator open-loop 
sysopen=tf(n2,d2) % transfer function open-loop 
figure (3) 


bode(sysopen,{ 1,1e6}); % bode plot open-loop 
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2. MATLAB M.-file (Inductance.m) 


Oo 7 Fi 2 2 2 2 2 2 2 2 2 2 3h 2h 2 ee fe he he fe fe he 6 26 26 28 26 28 28 28 28 28 2s 2s 22s 222 2 2 2 2 2 2h 2 2 2 2 2 2 2 2 2 ee he he he fe fe fe he 2c 2c ie 28 2s 2s 


% Tnductance.m 

% 

% Specifications: 

% Stable/continuous operation between 10% and 100% load 

% 

% This program calculates the required inductance for the buck chopper 
% power section. 

% 

% Written by; Brad L. Stallings 11-11-2000 


% Last mod: December 2000 
Oo 7 7 2 2 He He 2 2 2 2 2 2h 3 a 2 2 fe he fe fe fe fe he he 26 26 216 26 28 28 28 28 28 2s 2s 2 2A 22 2 2 2 2 2 2 2h 2 2 2 2 2 2 2 2 ee he fe 2c 2h fe he 2c 2c 2c 2c 2g 2c ie 2s 


clear 
format long 
format compact 


Oo 7 7 2 2 He He 2 2 2 2 2 3h 2h 2 ee ee fe fe fe he he 26 26 26 26 28 28 28 28 28 28 28 2A 2s 2s 222 2 2 2 2 2 2h 2h 2 2 2 2h 2 2 2 2 ee fe he fe fe 2h fe he 2c 2c 2c 2c 2s 2s 


% Inputs Requested 
Oo 7 7 2 2 2 2 2 2 3 2 2 2 28 2 ee fe fe he fe fe he he 26 26 26 26 28 28 28 28 28 28 2s 2s 22S 2 2 2 2 2 2 2 2 2 2 2 2 2 3 2 2 ee he he he fe he fe 2c 2c 2c 26 2c 2 2s 


R=input(‘Input Load resistance in ohms ') 

T=input(‘Input Switching Time in seconds ') 

E=input(Input Input Voltage in Volts ') 

Vout=input(‘Input Desired Output Voltage in Volts ') 

le=input(‘Input Mean length of Magnetic Path from Spec Sheet in cm _') 

I=input(‘Input DC current through Inductor in Amps ') 

L_1000=input(‘Input Inductance in mH for 1000 Turns from Spec sheet ') 
Ae=input(‘Input Cross Sectional Area of Magnetic Path in cm squared from Spec Sheet ') 


F=1/T % Switching Frequency in hertz 

D=Vout/E % Duty cycle, dimensionless 
Lerit=((T*R)/2)*(1-D) % Critical inductance in henries 
L=10*Lecrit % Desired inductance in henries 
N=1000*(sqrt(L/L_1000)) % Required number of turns, dimensionless 
H=(0.4*pi*N*D/le % Magnetizing force in Oersteds 
Bmax=(E/(sqrt(2))* le8*(1-D))/(N*Ae*F*2) % Flux density in Gausses 
u=(L*le)/(4*pi*Ae*N‘%2)* 1e9 % Calculated Permeability 


%( L is in nanohenries) 
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a MATLAB M.--files (Cap_1.m, Cap_2.m Cap_3.m, Plott_x.m) 


The following detailed SIMULINK model and four m-files were utilized to 
investigate the output voltage and inductor current responses. The following steps are 
utilized to obtain the desired results and all steps must be conducted in the order listed: 

e user defines the test capacitor size in the Cap_1.m file, 

e execute Cap_1.m file, 

e execute detailed model, 

e execute Cap_2.m file, 

e execute detailed model, 

e execute Cap_3.m file, 

e execute detailed model, 

e execute Plott_x.m. 

To access the files above, go under desktop "Thesis" and then to MATLAB files. 

This project performed several runs for a multitude of capacitor values. Chapter III 
offered only two runs in order to give the user a visual on how the value of the output 
capacitance can greatly influence system performance. A time step of 1E-6 must be 


selected in order to portray information accurately. 
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Figure B-1, SIMULINK Detailed Model of Buck Converter. 
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a. MATLAB M.-file (Cap_1.m) 


O78 7 2 2 2 He 2 2 3 2 2 2 2 2 2 2 fe fe fe fe fe he 6 6 26 246 28 28 28 28 28 28 28 28 2A 2s 222 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 ee he he he he he he he aie 2 2 2 2 2k 


% Cap_|.m 

% 

% M-files Cap_1.m, Cap_2.m, and Cap_3.m were written to calculate 
% required output capacitance for the SSCM. The program steps load 
% resistance from 10% to 100% and back to 10%. Cap_1.m is executed 
% first, the integrator values that remain at the end of Cap_1.m are 

% applied as the initial conditions for Cap_2.m. The integrator 

% values at the end of Cap_2.m are applied as the initial conditions 

% to the integrators to Cap_3.m. After the simulation is is complete, 

% Plott_x.m is executed to provide capacitor voltage and inductor 

% current plots. 

% 

% Determining SSCM Circuit Parameters, 8kW SSCM 

% 

% Written by: Dr. Bob Ashton Naval Postgraduate School and modified 
% by Brad Stallings 

% Last Mod: March 2001 


O78 7 2 2 He He 2 ae 3 3 2 2h 2h 2 2 ee he fe fe fe fe he he 26 26 26 28 26 28 28 28 28 28 2s 28 2s 2s 2 2 2 2 2 2 2 2h 2 2 2 2 2 2 2 2 fe ee fe he he fe afc 2c he 2c ie 2c ie Zit 2k 


clear all; 

T=1/20000; % switching time 
E=500 % input voltage 
d=400.0/E % duty cycle 

L=le-3 % output inductor size 
C=500e-6 % output capacitor size 
w=2*pi*500; % control bandwidth 
rxlow=1.0; 

rxhigh=10.0; 

rxstart=1.0; 

Rn=200.0; % load resistance initial 
R=Rn/rxstart % load resistance 
il=(E*d)/R; % inductor current 


Oo 7 7 2 2 He He 2 2 3 3 2 2h 2 2h 2 ee fe fe fe fe he 6 26 26 216 26 26 28 28 28 28 28 28 2s 22S 22 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 ee he he he he he fe 2c 2c 2c 2c 2c 2 2s 


% Desired pole specification (bessel) 
O78 7 2 2 He He 2 3 2 2 2 ae 2h 2 2 ee fe he fe fe fe he 26 26 26 26 26 28 28 28 28 2s 28 2s 2s 2s 22 2 2 2 2 2 2h 2h 2h 2 2h 2h 2h 2 2 2 ee he fe fe 2h 2h afc fe he 2h 2c 2c 2ie 2 is 


poles=w*[-0.74554)*0.7112,-0.7455-j*0.7112,-0.9420]; %Bessel pole locations 
S=poly(poles) % polynomial equation 
S1=S(1); % coefficient one 
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$2=S(2); % coefficient two 
$3=S(3); % coefficient three 
S4=S(4); % coefficient four 


Oo 7 7 He 2 2 2 2 ae 3 2 2 a 2h 2 2 ee fe fe fe fe fe he ie 26 26 216 28 28 28 28 28 2 28 2s 2s 2s 222 2 2 2 2 2h 2 2 2 2 2 2h 2 2 2 ee he fe fe he fe afc fe 2c 2c 2c ie 2c 2 2s 


% Gain calculations 
Oo 7 7 2 2 2 He He 2 3 3 2 3 3 2 ae ee fe fe fe fe fe he 26 26 26 26 28 28 28 28 28 28 28 2s 2s 2s 2 2 2 2 2 2 2 2 2h 2 2 2 2 2 2 2 3 ee he he fe 2h fe fe 2c he 2c 2c 2c ie 2 2s 


hi=L/E*(S(2)-1/(R*C)) % current gain 
hv=((L*C)/E)*(S(3)-1/(L*C)) % voltage gain 
hn=(S(4)*L*C)/E % integral gain 


O78 7 2 2 He He 2 2 2 2 2 2h 2h 2 ee he fe he fe fe he he 26 26 26 28 26 28 28 28 28 28 2s 2s 2222 2 2 2 2 2 2 2 2 2 2 2 2h 28 2 2 2 ee he he he fe he fe 2c 2c 2c 2g 2c 2 2s 


% Function to verify poles obtained with gains, match the 
% desired poles. 


Oo 7 Fi 2 2 He He 2 ae 3 2 2 2 2h 2 2 ee fe fe fe fe he he he 26 26 28 28 28 28 28 28 28 28 2s 2s 2s 22 2 2 2 2 2 2h 2 2 2 2 2h 2 2 2 2 ee he fe he fe fe afc fe he 2c ie ie 2c 2 is 


Am=[0 -V/L E/L 

1/C -1/(R*C) 0 

(-hv/C+hi/R/C) — (hi/L+hv/R/C-hi/R/R/C-hn) (-hi*E/L)]; 
syspole = eig(Am)/2/pi % check for correct poles 
vcesd=d*E; % desired SSCM output voltage 
vciv=0.0; % initial vcs integrator value 
iliv=0.0; % initial il integrator value 
hnintiv=0.0; % initial hn integrator value 
tstart=0.0; % simulation start time 
tstop=0.2; % simulation stop time 
hnint=0.0; % initial integrator value 
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b. MATLAB M.-file (Cap_2.m) 


Oo 7 7 2 He 2 He He 2 ae 2 2 2 2 a 2 ee fe fe fe fe he he 26 26 26 26 28 28 28 28 28 28 2s 28 2s 2s 222 2 2 2 2 2 2 2 2 2 2 28 2 2 3 2 ee he he fe fe he fe he 2c 2c 26 262i 2s 


% Cap_2.m 

% 

% Parameter variation file for step change analysis. 

% New SSCM Parameters 

% 

% Written by: Dr. Bob Ashton Naval Postgraduate School and modified 
% by Brad Stallings 

% Last Mod: April 2001 


O78 7 2 2 He He 2 He 2 3 2 ah 2h 2 ee fe fe fe fe fe he he 26 26 26 26 28 28 28 28 28 2A 28 2A 2s 2s 22 2 2 2 2 2 2h 2h 2 2 2 2 2 2 2 2 ee he fe fe he afc fe fe he 2c 2c 2c 26 ie 2s 


R=Rn/rxhigh; % load resistor 


O78 7 2 2 He 2 2 ae 2 3 3 2h 2 2 2 2 fe fe fe fe he he he 26 26 26 26 28 28 28 28 28 28 2s 2s 2s 2222 2 2 2 2 2 2h 2 2 2 2 2h 2 2 2 ee he he fe he fe he 2c 2g 2c 2c 2g 2s 2s 2s 


% Update initial conditions for integrators (leave these alone). 
Oo 7 Fi 2 2 He He 2 2 2 2 2 2 2h 2 2 ee fe fe fe fe fe he 6 26 26 26 28 28 28 28 28 28 28 2s 2s 222 2 2 2 2 2 2 2h 2 2 2 2 2 2 3 2 ee fe he fe fe he afc ofc he 2c 2c ie ie ie is 


vciv=ves(length(time)); % new integrator initial condition 
iliv=ils(length(time)); % new integrator initial condition 
hnintiv=hnint(length(time)); % new integrator initial condition 


O78 7 2 2 He He He 2 3 3 2 2h 2 2 ee fe fe fe fe fe he 26 26 26 26 26 28 28 28 28 28 28 2 2s 2 2A 22 2 2 2 2 2 2h 2h 2 2 2 2 2 2 2 2 ee he fe he he fe fe fe he 2c 2c ie 2k 2 2k 


% Concatenate paramaters (leave these alone). 
O78 7 2 2 He He He 2 2 2 3 2 2h 2 2 ee fe fe fe he he he 26 26 26 26 28 28 28 28 28 28 28 28 2s 2s 22 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 ee fe fe fe fe fe afc fe 2c 2c 2c 2c 2ie ie 2s 


timen=[timen' time']'; 

vesn=[vesn' vcs']'; 

: a aes 

ilsn=[ilsn' ils']'; 

Oo 7 Fi 2 2 He He 2 2 2 2 2 3h 2h 2 ee he fe fe fe fe he he he 26 26 26 28 28 28 28 28 28 28 2s 2s 2s 222 2 2 2 2 2h 2 2h 2 2 2h 2 2 2 2 ee he he fe fe fe afc 2c 2c he 2k ie ie 2 2s 


% New simulation start and stop times (change as desired). 
Of 7 7 He 2 2 He 2 2 2 3 2 3 2h 2 2 2 ee fe he fe he 6 26 26 26 28 28 28 28 28 28 28 28 2s 22s 222 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 ee he he fe fe afc 2h 2c oie 2c 26 2ie ie 2s 


tstart=tstop; % new start time 
tstop=tstop + 0.03; % new stop time 
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Cc. MATLAB M.--file (Cap_3.m) 


Oo 7 7 2 2 He He 2 2 2 2 2 a 2h a ee ee fe fe fe fe he 26 26 26 26 26 28 28 28 28 28 2s 2s 2s 2s 222 2 2 2 2 2 2 2 2 2 2 2 2 2 3 ee he fe he fe fe he fe 2c 2c 2c Ze 2i¢ ie 2k 


% Cap_3.m 

% 

% Parameter variation file for step change analysis. 

% 

% Written by: Dr. Bob Ashton Naval Postgraduate School and modified 
% by Brad Stallings 

% Last Mod: April 2001 


Oo 7 7 2 2 He He 2 2 3 3 2 3h ah 2 2 2 he he fe fe fe fe he he 26 26 26 26 28 28 28 28 28 2s 2s 2s 2s 222 2 2 2 2 2h 2 2 2 2 2 2 2 3 2 2 ee fe he fe fe he 2c 2c 2c 2c ie ie 2 2s 


R=Rn*rxlow; % change load resistance 


Oo 7 7 2 2 He 2 2 2 3 2 2 2h 2h 2 ee fe fe fe fe fe he he ie 26 26 26 26 28 28 28 28 28 28 2s 2s 2222 2 2 2 2 2h 2h 2 2 2h 2h 2 2 2 2 2 ee fe fe fe fe afc 2h he 2c 2c ie 2 2s 2s 


% Update initial conditions for integrators (leave these alone). 
Oo 7 Fi Hi 2 He He He 2 2 3 2 ah 2 2 2 ee fe fe fe fe fe he 26 26 26 28 28 28 28 28 28 2A 2s 2s 22s 222 2 2 2 2 2 2 2 2 2 2 2h 2 3 2 ee he fe he he fe he 2c he 2h 2c ie ie 2 2s 


vciv=ves(length(time)); % new integrator initial conditions 
iliv=ils(length(time)); % new integrator initial conditions 


Oo 7 7 2 2 He 2 2 2 3 3 2 3h ah a 2 ee he he he fe he he 26 26 26 26 28 28 28 28 28 28 28 28 2s 22 22 2 2 2 2 2 2h 2 2 2 2 2 2 3 ee ee he he he fe fe fe 2c 2c 2c 2c ie 2 2s 


% Concatenate parameters (leave these alone). 
Oo 7 7 2 2 2 2 2 2 2 3 2 2h 2 2h 2 ee he he fe fe he 6 26 26 26 26 28 28 28 28 28 28 28 28 2S 2222 2 2 2 2 2 2 2 2 2 2 2 28 2 3 2 he he fe he 2h 2h he 2c he 2c ie 2g 2c 2 2k 


timen=[timen' time’]'; 

vesn=[vesn' vcs']'; 

: Nog A cae 

ilsn=[ilsn' ils']'; 

Oo 7 7 2 2 2 2 2 2 3 2 2 2h ah 2 2 2 fe fe he fe fe he 6 26 26 26 26 28 28 28 28 28 28 2s 2s 22s 22 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 ee he he he he fe afc 2c 2c 2c 2c ie 2c 28 2s 


% New simulation start and stop times (change as desired). 
Oo 7 7 2 2 He He 3 2 ae 2 ae 2h 2h 2 ae ee fe fe fe fe he he 6 26 26 26 26 28 28 28 28 2 2s 28 2A 222 2 2 2 2 2 2 2h 2 2 2 2h 2h 2 3 2 ee he fe he fe fe afc 2c fe 2c 2c ie =e 2 is 


tstart=tstop; % new start time 
tstop=tstop + 0.03; % new stop time 
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d. MATLAB M.-file (Plott_x.m) 


O78 7 2 He He He ae 2 a 2 3h 2h 2 2 ee fe fe he fe he he 26 26 26 26 28 28 28 28 28 2s 2s 22s 22 2 2 2 2 2 2 2 2 2 2 2 2 2 3 ee he fe fe fe afc afc he 2c 2k 2c ie 2 2k 


% Plott_x.m 

% 

% Multi-loop plot file for step responses. 

% Run this file after Cap_1.m, Cap_2.m, and Cap_3.m are executed. 
% 

% Written by: Dr Bob Ashton, modified by Brad Stallings 

% Last mod: April 2001 


Oo 7 7 2 2 He ae 2 3 2 2 3h 2 2 2 ee he fe fe fe he he 26 26 26 28 28 28 28 28 28 28 2s 2s 2s 22 2 2 2 2 2 2 2 2 2 2h 2 2 2 ee he he he fe fe 2c fe 2c 2c 2c 2c 2k 2s 2s 


timen=[timen' time']; 

vcesn=[vesn' vcs' ]; 

ilsn=[ilsn' ils']; 

leg=length(timen); 

from=13000; 

subplot(2,1,1); 
plot(timen(from:leg),ilsn(from:leg)); 
title’CAPACITOR VOLTAGE’); 
axis({0.18 0.26 385 415]) 
subplot(2,1,2); 
plot(timen(from:leg),ilsn(from:leg)); 
title" INDUCTOR CURRENT); 
axis({0.18 0.26 0 35]) 
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APPENDIX C. PARTS LIST 


A. BUCK CHOPPER PARTS LIST 


The table below provides a list of the major part requirements in the dc-dc 



































converter. 
Number Required Manufacturer Cost Unit of Lead Time 
and Part/Stock Issue 
number 
1-IGBT Semikron $177.70 | EA 4-6 weeks 
SKM100GB124D 
1-IGBT Driver Board | Semikron $51.25 EA 10 days 
SKI-10/17 
1-60u Toroid Group Amold $127.86 | EA 7 weeks 
A-125112-2 
1-147u Toroid Group Amold $175.04 | EA 7 weeks 
A-158304-2 
1-18-Pin PWM chip Digikey $5.28 EA 6 weeks 
296-2508-5-ND (Verify it is not surface 

mounted) 
2-CLN-50 Current Allied Electronics Inc. $28.00 EA 10 weeks 
Sensor CLN-50 (Made by F.W. Bell) 
2-Capacitor Newark $43.08 EA 2 weeks 
(1000uUF/450V) 
CGH102T450V3L 
2-Capacitor Allied Electronics Inc. $19.41 EA 10 weeks 
(1000uUF/350V) (Made by Mallory 
857-0310 
2-Iso-Amplifier Allied Electronics Inc. $99.81 EA 10 weeks 


(AD-215) 630-8042 





(Made by Analog Device) 
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Number Required Manufacturer Cost Unit of Lead Time 
and Part/Stock Issue 

number 

1-Low Power AC-DC_ | Newark $50.00 EA 2 weeks 
Switches 92F5324 

1-Rack Mount Chassis | Newark $92.26 EA 2 weeks 
(17"x19"x10.5") 

90F6954 

B. CONTROL CARD PARTS LIST 

Part Description/Value Number Required 
Resistor 10kQ * 9 

Resistor 55kQ. 1 

Resistor 4.7kQ 1 

Resistor 150kQ 1 

Resistor 20kQ 1 

Zener Diode 1N827 or 1N5234/6.2V 2 

Capacitor 0.1UF (50Vac) 3 

Op-Amp LF347 quad op-amp 1 

Jumper Wire 1 














* All resistors are 1/4 watt 


162 





C. PROTECTION CIRCUITRY PARTS LIST 
























































Part Description/Value Number Required 
Resistor 4.7kQ. * 1 
Resistor 10kQ 8 
Resistor 27kQ I 
Resistor 100kQ 1 
Resistor 20kQ I 
Resistor 30kQ 3 
Resistor 100kQ 1 
Resistor 3002 1 
Resistor 4.3kQ 1 
Capacitor 0.47UF (50Vac) 1 
Capacitor 0.1uF (50Vac) 5 
Capacitor 1.0UF (S0Vac) 1 
Capacitor/electrolytic 10.0UF (25V a.) 1 
Gate CD407 1/quad OR gate 1 
OP-Amp MC1458 1 
Transistor 2N2222A 3 











* All resistors are 1/4 watt 
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D. PWM CIRCUIT PARTS LIST 
























































Part Description/Value Number Required 
Resistor 470Q * 1 
Resistor 4.7kQ 1 
Resistor 1.8kQ 1 
Resistor 9.1kQ 1 
Resistor 27kQ I 
Resistor 13kQ 1 
Resistor 5.6kQ I 
Capacitor 0.047UF (S0Vac) 1 
Capacitor 0.47UF (50Vac) 2 
Capacitor 0.1puF (50V ac) 2 
Capacitor 2200pF (50V ac) 1 
Capacitor 1.0UF (50V ac) 1 
Capacitor 0.22UF (50Vac) 1 
Zener Diode 1N5240B/10V 2 
Diode 1N4148 2 
PWM Chip UC3637 or UC1637 1 











* All resistors are 1/4 watt 


164 





E. POWER SUPPLIES 







































































Part Description/Value Number Required 
Capacitor (electrolytic) 2200 UF (50Vac) 4 
Capacitor (ceramic) 0.1 WF, (25Vac) Z 
Diode (line frequency) 1N4003 4 
Voltage regulator LM 7815 (+15V) 1 
Voltage regulator LM 7915 (-15V) 1 
Transformer 36 Vct, 1[Amp 1 
F. VOLTAGE SENSING CIRCUIT 
Part Description/Value Number Required 
Resistor 2.7kQ, 2W 2. 
Zener Diode 1N5240B/10V 2 
G. CURRENT SENSOR BOARDS PARTS LIST 
Part Description/Value Number Required 
Resistor 200Q, 1/4W 2, 
Current sensor CL-50 Z 
Twisted pair wire yellow/ -15V 2 
brown/ground 8 
orange/output 2 
red/+15V 2 
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H. BUFFER STAGE 
















































































Part Description/Value Number Required 
Resistor 3.6kQ, 1/4W 4 

Capacitor 2200pF (50V ac) 4 

Capacitor 0.1pF (50Vac) 2 

Op-Amp LF324/quad op-amp 1 

Jumper wire 1 

I. FRONT/REAR PANEL PARTS LIST 

Part Description/Value Number Required 
Fuse Holder 125V-3A 1 

Fuse Holder 600V-30A 1 

Fan Cover 4.7" Globe Accessories 2 

Range Plug 250V-30A 1 

Plug Male 115V-1A 1 

Front Panel Meters 20V/2mA 2 

Light Emitting Diode ImA 4 

BNC Connectors 75Q. 5 

Potentiometer 1-kQ 1 

J. MISCELLANEOUS 

Part Description/Value Number Required 
Power Supply 5V Part #(48818) 1 

(For digital meters) manufacturer (KEPCO) 








Thermistor Switch 





T0°C/IS5V Part #(317-1019- 
ND) from Digikey 
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A. ANALOG CONTROLLER PRINTED CIRCUIT BOARD DATA 


APPENDIX D. EASYTRAX LAYOUTS/DATA 


This section is divided into a component parts listing, aa EASYTRAX PCB 


netlist, and a Printed Circuit Board (PCB) and sensor board component overlay. 


1. 
Q3 
TO-39 


Q2 
TO-39 


Ql 
TO-39 


R208Z 
AXIALO.3 


DA201 
DIODE0.4 


DA101 
DIODE0.4 


RA201 
AXIAL0.4 


RAI01 
AXIAL0.4 


RJ303 
AXIAL0.4 


J10AC 
BLOCK4 


JOVS 
BLOCK4 


RJ204 
AXIAL0.4 


U8P 
TO-220 


U9N 
TO-220 


C803A 
RADO.2 


C316 
RADO.2 


C501 
RADO.2 


R505 
AXIAL0.4 


R502 
AXIAL0.4 


R506 
AXIAL0.4 


R509 
AXIAL0.4 


R501 
AXIAL0.4 


Component List Main PCB Board 


D317 
DIODE0.4 


D301 
DIODE0.4 


D311 
DIODE0.4 


C702 
RADO.2 


C317 
RADO.2 


C302 
RADO.2 


C311 
RADO.2 


C301 
RADO.2 


C313 
RADO.2 


R301 
AXIAL0.4 


R318 
AXIAL0.4 
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R316A 
AXIAL0.4 


R316B 
AXIAL0.4 


R702 
AXIAL0.4 


R704 
AXIAL0.4 


R313G 
AXIAL0.4 


R511Q 
AXIALO.4 


D902B 
DIODE0.4 


D801B 
DIODE0.4 


D902A 
DIODE0.4 


D801A 
DIODE0.4 


Ul 
DIP14 
LF347 


US 
DIP14 
4071 


U2 
DIP14 
LM324 


U7 
DIP8 
LM311 


U3 
DIP18 
UC3637 


C604 
RADO.2 


C608 
RADO.2 


C204 
RADO.2 


C211 
RADO.2 


C104 
RADO.2 


C111 
RADO.2 


C306 
RADO.2 


C704 
RADO.2 


C708 
RADO.2 


C514 
RADO.2 


C305 
RADO.2 


R212 
AXIAL0.4 


R210 
AXIAL0.4 


R205 
AXIAL0.4 


R203 
AXIAL0.4 


C205 
RADO.2 


C212 
RADO.2 


C210 
RADO.2 


C203 
RADO.2 


R110 
AXIAL0.4 


R113B 
AXIAL0.4 


R101 
AXIAL0.4 


R102A 
AXIAL0.4 


R313 
AXIALO.4 


R106 
AXIALO0.4 


R113C 
AXIAL0.4 


R102B 
AXIALO.4 


R109 
AXIAL0.4 


R110G 
AXIAL0.4 


R108 
AXIAL0.4 


R114 
AXIAL0.4 


R112G 
AXIAL0.4 


D106 
DIODE0.4 


D107 
DIODE0.4 


C107 
RADO.2 


R606 
AXIAL0.4 


R112 
AXIALO.4 


C903B 
RB.2/.4 


C803B 
RB.2/.4 


C801 
RB.3/.6 


C902 
RB.3/.6 


C903A 
RADO.2 
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R607 
AXIAL0.4 


R603H 
AXIAL0.4 


R603 
AXIAL0.4 


U6 
DIP8 


C603 
RADO.2 


A2VO 
AD215 


J2FP 
DBI5RA/ 
M 


R504 
AXIAL0.4 


R503 
AXIAL0.4 


RQ2J2 
AXIALO.4 


RQ3J2 
AXIAL0.4 


JiCS 


DBI5RA/F 


AlVI 
AD215 


J3DR 
IDC14 


J4DR 
BNC2 


Swi 
DIP8 


JSVO 
BNC2 


J6VI 
BNC2 


J710 
BNC2 


J8IL 
BNC2 


R114Z 
AXIALO.3 


R113 
AXIALO.5 


2. 


NET1 
Q3-C 
RQ3J2-2 


NET2 
Q3-B 
R504-2 


NET3 
Q2-C 
RQ2J2-2 


NET4 
Q2-B 
R503-2 


NETS 
Q1-C 
R603-2 
U6-3 
603-2 


NET6 
Q1-B 
R511Q-1 


NET7 
R208Z-1 
U2-9 
U2-8 
U3-12 
R110-1 


NETS8 
R208Z-2 
J8IL-1 


NET9 
DA201-A 
RA201-2 
JOVS-2 
A2VO-2 


PCB Net List 


NET10 
DA201-K 
RA201-1 
JOVS-1 
A2VO-1 


NET11 
DA101-A 
RAIO1-2 
JOVS-4 
AIVI-2 


NET12 
DAI101-K 
RAIO1-1 
JOVS-3 
AIVI-1 


NET13 
RJ303-1 
J3DR-3 


NET14 
RJ303-2 
RJ204-2 
U8P-O 
C803A-1 
C501-2 
R506-2 
R301-1 
U1-4 
U5-14 
U2-4 
U7-8 
U3-6 
C608-1 
C204-1 
C104-1 
C306-2 
C708-2 
C514-1 
R313-1 
C803B-P 


R603H-1 
U6-8 
A2VO-42 
J2FP-12 
J2FP-11 
J2FP-3 
J1ICS-11 
J1CS-3 
A1VI-42 
J3DR-9 
J3DR-8 


NETI5 
J1OAC-1 
D902A-K 
D801A-A 


NET16 
J1O0AC-4 
D902B-K 
D801B-A 


NET17 
RJ204-1 
J2FP-4 


NET18 
U8P-I 
D801B-K 
D801A-K 
C801-P 


NETI19 
U9N-O 
C316-2 
R318-2 
R316A-2 
R704-1 
Ul1-11 
U2-11 
U7-4 
U3-5 
C604-2 
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C211-2 
C111-2 
C704-2 
C305-2 
C903B-N 
C903A-1 
U6-4 
A2VO-44 
J1CS-10 
J1CS-2 
A1VI-44 


NET20 
CS01-1 
R501-1 
US5-1 

J1CS-1 


NET21 
R505-2 
U5-5 
J2FP-15 


NET22 
R502-1 
U5-2 
J2FP-6 


NET23 
R506-1 
U5-6 
U7-7 


NET24 
R509-1 
U5-9 
U5-8 


NET25 
D317-A 
C317-2 
U7-3 
U3-17 


NET26 
D317-K 
C317-1 
R316A-1 
R316B-1 
U3-16 


NET27 

D301-K 
C301-2 

R301-2 

U3-1 


NET28 
D311-K 
C311-2 
U3-11 
U3-9 
R113-2 


NET29 
C702-2 
R702-2 
R704-2 
U7-2 


NET30 
C302-2 
U3-10 
U3-8 
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Figure D-1, PCB Layout. 
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Li Overlay 





Figure D-2, Current Sensor Board Overlay. 
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APPENDIX E. dSPACE PROCEDURES 


The SIMULINK model is created first, using the general math blocks from the 
SIMULINK library. Each functional block will be discussed. The following figure 


shows the software-only simulation structure. 


InductCurrent 
LoadCurrent Duty Cycle InductorCurrent 


InductorCurrent DutyCycle Vout 


Vout 


LoadCurrent 
ControllerAverage 


BuckChopperAverage 
LoadCurrent 





Figure E-1. 


The Controller Average and BuckChopperAverage subsystem blocks have been 
uniquely derived and can be found in the SIMULINK signals and systems library. 
Double-clicking on the subsystem block exposes its contents. The following figure 


displays the Controller Average subsystem. 
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LoadCurrent | | 


InductorCurrent 6 | 





Figure E-2. 
The input and output bubbles are found in the SIMULINK signals and systems 


library. They are used to create the higher-level input and output connections. The 


contents of the BuckChopperAverage subsystem are shown below. 


LoadCurrent 


LoadResistance 





Figure E-3. 
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This is the state-space-averaged mathematical model for the buck chopper and 
utilizes the averaged inductor current and the averaged output capacitor voltage as state 
variables. The following figure shows the same system with a SPACE PWM output 
block found in the SIMULINK dSPACE library. 


InductCurrent 
LoadCurrent 


InductorCurrent DutyCycle Vout 


Vout 
LoadCurrent 


ControllerAverage 


BuckChopperAverage 


Duty cycle 1 
Duty cycle 2 
Duty cycle 3 


Duty cycle 4 
DS1103SL_DSP_PWM 
Figure E-4. 





This model allows the evaluation of the PWM output waveform without 
connecting hardware. For further interfacing, the following models were created to 


connect hardware and software models in dSPACE. 
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DS1103DAC_C1 


DS1103ADC_C17 DS1103DAC_C2 


DS1103DAC_C3 
BuckChopper 


Figure E-5. 





The ADC and DAC blocks are found in the SIMULINK dSPACE library. The 
input ADC can accept a signal ranging from 0 to 10 volts from the hardware controller. 
The dSPACE ADC will automatically scale the signal by 0.1. Since a 0 to 1 volt input is 
required for the duty cycle, an additional scaling gain was not required. On the output, 
the SPACE ADC automatically scales the signal by 10.0. Hence, a 0.10 gain block was 
added to each output to maintain proper scaling. The other gain scaling blocks are due to 
the actual model. The numbers on each of the ADC/DAC blocks correspond to the 
dSPACE i/o board. The C17 corresponds to ADCH17. The Cl, C2, and C3 refer to 
DACH1, 2, and 3, respectively. [see Reference Manual page 91] 
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Controller 
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Figure E-6. 
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This model connects a hardware buck chopper to a software controller. The 
output from the software is a duty cycle to be fed into a PWM chip, which is then fed into 


the hardware buck chopper. 


LoadCurrent 


InductorCurrent DutyCycle Duty cycle 1 


DS1103ADC_C18 Vout Duty cycle 2 


ControllerDetailed 


Duty cycle 3 


DS1103ADC_C19 Duty cycle 4 


DS1103SL_DSP_PWM 





Figure E-7. 


The model above only differs from the previous model in that the PWM signal is 
generated in software as opposed to hardware. As a result, the output from this model is 
a PWM waveform. 

Once the model was built in SIMULINK, it was necessary to transform the model 
into a dSPACE readable file. First the component values (used in all previous models) 


were entered in the MATLAB command window, as shown below. 
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MATLAB Command Window 
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Figure E-8. 


The next step was to compile the model in SIMULINK. The following figures 
show the menu options used to compile the SIMULINK model. 
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Figure E-9. 
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The first step is to select the simulation menu and open the parameters option. 


This brings up the following figure. 
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Figure E-10. 


At this point the user can enter the simulation parameters. A time step of le-5 
was selected (smaller values were not possible) and the Runge-Kutta Fixed-step 
algorithm employed. Next the real-time workshop tab is selected. The following figure 
is displayed. 
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Figure E-11 


The next step is to compile the SIMULINK model. In this step rtil103.tlc is 
entered for the target file, rtil103.tmt is entered for the template make file, and make_rti 
for the make command. The next step is to click the build button, bringing up the screen 
contained in the figure on the following page. This screen shows the results of the build 


process. 
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MATLAB Command Window 
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L=1e-3 


6.6616 
xx Starting RTI build procedure with RT11163 3.4.1 (68-Sep-1999) 


### Starting Real-Time Workshop build procedure for model: BkSysPWH 

Warning: Input port 2 of block ‘BkSysPWH/DS1163SL_DSP_PWH' is not connected. 
Warning: Input port 3 of block ‘BkSysPWH/DS1163SL_DSP_PWM" is not connected. 
Warning: Input port 4 of block "BkSysPWH/DS1163SL_DSP_PWHM' is not connected. 
### Invoking Target Language Compiler on BkSysPWH. rtw 

Hit BkSysPWH.mk which is generated from rti1163.tmf is up to date 

##t#t Building BkSysPWH: dsmake -f BkSysPWH.mk WORKINGBOARD=ds1163 


BUILDING PROGRAM (Single Timer Task Mode) 

BUILD DIRECTORY "“C:\MATLABR11\work" 

COMPILING BkSysPWH.c 

COMPILING C:\dSPACE\matlab\rti1163\c\rti_sim_engine.c 


COMPILING C:\MATLABR11\rtw\c\src\ode4s.c 
COMPILING C:\MATLABR11\rtw\c\src\rt_sim.c 


BUILDING LIBRARY “BkSysPWM_lib.oO4" ... 
BUILDING LIBRARY FINISHED 


LINKING PROGRAM ... 
LINKING FINISHED 


LOADING PROGRAM “BkSysPWH.ppc" ... 
LOADING FINISHED 


MAKE PROCESS SUCCEEDED 
### Successful completion of Real-Time Workshop build procedure for model: BkSysPWH 


xx Finished RTI build procedure for model BkSysPWH 





Figure E-12. 
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Once the model has been built for SPACE, it needs to be loaded into dSPACE. 
The following figure displays a SPACE window once it has been opened. 
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Figure E-13. 


Once dSPACE is open, it is necessary to activate the navigator. The following 


figure shows that this command is located under the view menu. 
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*® ControlDe: 











Figure E-14. 


Once the navigator has been activated, it is necessary to click on the Hardware 
tab to find the file that was built from SIMULINK. The following figure shows the file 
highlighted (BKsyspwm.ppc). 
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Figure E-15. 
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The file, which now has a .ppc extension on it, must be dragged to the ds1103 


icon. The next figure is then displayed. 





Hardware 





Figure E-16. 


Answer this question by clicking yes. The following figure displays the next 


screen that comes up. 
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Duty Cycle Floatleees. 
Capacitor Floatleees... 
B B:Demux>Outt Floatleees... 
| Floatleee6... 


Floatleee6... 
Floatleee6... 
& B:Product1 Floatleee6... 








Figure E-17. 


The navigator windows have been closed in this figure. The model that was built 
will be shown on the fourth tab at the bottom of the white space. At this point, it is time 
to either create a layout file or open an existing one. Initially the steps for opening an 
existing layout file will be documented. As the next figure shows, the first step to open 
an existing layout file is to go to the file menu and click open, then highlight /ayvout 
selection. This will display a list of the layout files that have been created. The layout 
file called BkChSys.lay was then selected. 
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Figure E-18. 


This file was opened and the following screen appeared. 
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Figure E-19. 


This layout screen shows four gauges and a slider. The gauges show specific 
outputs and the slider controls an input. In order to make a gauge or slider link to the 
model, it is necessary to drop the desired input/output onto the gauge or slider display. 


The following figure shows three gauges that have been linked to the model. 


187 


® ControlDesk - BkChSys 

File Edit View Tools Instrumentation Experiment Hardware Parameter Editor Window Help = 2 = 

[DoW tO oro a ew] : 

[Bees |e wai: <= ua eaeew ole hPa een tare ses |\lna a | 457o 


[Pee See ; 


Scion 
dSPACE 


Selector 














Bar 

[24] Display 

85 CheckButton 

P=) Fame 

BY Gauge 

fe 3] MuliStateLED 

(23 Numericlnput 

129 Plotter 
B:BuckChopperAverage->Vout B:BuckChopperAverage->InductCurrent 

FD PushButton 

{S8) RadioButton 

TH Slider 

StaticT ext 


IS? CaptureSettings 


B:BuckChopperAverage->LoadCurrent %VARIABLE% 





AAT bksyspwm vi 
=) Model Root Floatleees. 
BuckChopperAverage Floatleee6... 
Controlleraverage ho Floatleees... 

fH Task Info 


Floatleee6... 
Floatleees. 
@ S:InductorCurrent Floatleee6. 
|] S:LoadCurrent Floatleee6... 


HCAs Tso 











epi) | frarog700 13:15 


Rsten| So Editor - 10. |[fz Controtesk - BKChSys WBE) ele 1.15 PM 
Figure E-20. 





The fourth gauge will be linked once the highlighted duty cycle element is placed 
on the gauge itself. Once all the gauges and the slider are linked to the model, the screen 
will appear as it does in the following figure. 

Now we are ready to activate the hardware connection. Once the i/o board is 
properly hooked up, the hardware connection needs to be refreshed. The following figure 
shows that under the hardware menu, select the initialization option, and then choose 


refresh hardware connection. 
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Figure E-21. 


Next it is time to load the application. The following figure shows that the load 


command is under the application submenu of the hardware menu. 
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Figure E-22. 


Once the Load Application has been selected, the following screen will appear as 


in the figure below. 
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Figure E-23. 
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The BkSysPWM.ppc application is selected. Next, activate animation mode. This 


is located under the instrumentation menu as in the following figure. 
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Figure E-24. 


Once animation mode is selected, the hardware is energized. The following 


figure shows the activated control desk. 
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Figure E-25. 


The above figure shows the slider at about 73. This corresponds to a load 
resistance of 73 Ohms. The duty cycle gauge is at 0.8, the output voltage gauge is at 400 
Volts, the inductor current gauge is just over 5 Amps, and the load current is just over 5 
Amps. From this screen the load resistance is adjusted real-time by moving the slider bar 
up and down. 

Once a particular simulation is completed, it is necessary to deactivate the desktop 
and stop the real-time application. The following figure shows that the edit mode 
selection is under the instrumentation menu. 

After edit mode has been selected, the hardware menu is accessed, the application 
submenu selected, and then the stop real-time processor tab is picked. The figure that 


follows the edit mode selection shows how the processor is disabled. 
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Figure E-26. 


Above is Edit Mode. Below is Stop Real Time Application. 
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Figure E-27 
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The next set of figures show how to build a layout from scratch. The first step is 


to open a new file: select /ayout extension. The following figure shows the menu. 





Figure E-28. 


Once this has been selected, the screen in the following figure should appear. 
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Figure 29. 
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Now it is time to select the control desk input and output displays. First select a 
gauge from the right side of the desktop. Double-click on the display desired, then move 
the cursor to the place on the desktop where the left top corner of the display is desired. 
Next, click the mouse button and then drag down and to the right to change the size of the 


display. The following figure shows a gauge that has been created in the above manner. 
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Figure E-30. 


A slider may be added by following the same procedure as for the gauge. The 


following figure illustrates a slider. 
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Figure E-31. 


In order to change the display options for the slider gauge, the user must double 
click on the slider. The following figure illustrates the options that are displayed when 


the slider is double-clicked. 
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Figure E-32. 
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Upon the completion of dSPACE troubleshooting, the dSsPACE model was 


executed with a hardware controller output load resistance of 200 ohms. 


B:BuckChopperAverage->Vout B:BuckChopper Average->InductCurrent 


B:BuckChopperAverage->LoadCurrent B:ControllerAverage- 





Figure E-33._ 


Next the load resistance was set to 20 Ohms and the model executed. The 


following figure shows the output on the dSPACE control desk. 
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P:LoadResistance.Value_ 


B:BuckChopperAverage->Vout ; B:BuckChopperAverage->InductCurrent 





B:BuckChopperAverage->LoadCurrent iS B:ControllerAverage->DutyCycle 


Figure E-34. 


Finally, the resistance was set to 40 Ohms and the model executed. The figure on 


the following page shows the dSPACE results. 
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B:BuckChopperAverage->Vout B:BuckChopperAverage->InductCurrent 


B:BuckChopperAverage->LoadCurrent B:ControllerAverage->DutyCycle 





Figure E-35. 


The dSPACE controller board is fully described in Reference [24]. When 
hooking up dSPACE to hardware, ensure the control signals are powered up first then 
power can be applied to the control circuitry. 

In summary, dSPACE has facilitated the testing of a hardware controller prior to 
the completion of the buck chopper power section. A SIMULINK model was created for 
a buck chopper and then compiled to run in dSPACE. The dSPACE environment was 
then entered and a control desk created to enable the control of load resistance of our 
model. Once the dSPACE buck chopper was interfaced with the hardware controller, via 
the dSPACE i/o board, the stability of the controller was accessed. As the above results 
show, the controller is stable between 20 and 200 Ohms of load resistance. It outputs 400 


Volts and has an 80% duty cycle. 
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